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18757

Bak, Lasse K., 7108

Banerjee, Ruma, 7488

Bartholomew, Blaine,
13786

Ben Mamoun, Choukri,
17308

Blankenship, Robert E.,
5018

Bowie, Derek, 18789

Bruckheimer, Elizabeth,
18770

Bunting, Samuel F.,
10502

C

Calvo, Sarah E., 7508

Carey, Michael F., 13775

Carlson, Gerald M., 7087,
7099

Casero, Robert A., Jr.,
18736

Chandel, Navdeep S., 7499

Chang, Christopher J.,
4628

Checler, Frédéric, 15419

Choi, Jae-Yeon, 17308

Clark, Andrew R., 1865

Clayton, Sally A., 1865

Cleary, John Douglas,
16127

Cohen, Alfred, 18770

Colbran, Roger J., 7087

Corces, Victor G., 13815

Cuervo, Ana Maria, 5414

Culotta, Valeria C., 4636

D

David, Sholto, 4616

DeBerardinis, Ralph J.,
7522

Delorme-Axford,
Elizabeth, 5396

DeMartino, George N.,
5384

Dennison, Christopher,
4616

Dever, Thomas E., 18719

Dienel, Gerald A., 7087

Dikic, Ivan, 5404

Drouin, Jacques, 13795

Dunston, Tiffany T., 18736

Dunys, Julie, 15419

F

Fairn, Gregory D., 6230

Fontes, Joseph D., 7099

G

Geerts, Dirk, 18757

Gentry, Matthew S., 7117

Gerner, Eugene W., 18770

Gilbert, Susan P., 4510

Gold, Hannah B., 13815

Golden, Susan S., 5026

Goodman, Russell P., 7508

Gottesfeld, Joel M., 13775

Graham, Terry E., 7089

Grumati, Paolo, 5404

Gubas, Andrea, 5386

Guengerich, F. Peter, 4603

Guinovart, Joan J., 7117

Guzik-Lendrum,
Stephanie, 4510

H

Harper, Thomas M., 13778

Haucke, Volker, 1526

Hawk, Mark A., 7531

Her, Joonyoung, 10502

Heyer, Wolf-Dietrich,
10524

Hosios, Aaron M., 7490

I

Igarashi, Kazuei, 18702

Islam, M. Ahsanul, 5053

Ivanov, Ivaylo P., 18719

J

Jett, Kimberly A., 4644

Jez, Joseph M., 5016

Jones, Simon W., 1865

Joshi, Rohit, 5035

Jung, Yoon Hee, 13815

K

Kahana, Chaim, 18730

Kashiwagi, Keiko, 18702

Kenney, Grace E., 4606

Kilian, Nicole, 17308

Klionsky, Daniel J., 5396

Knoot, Cory J., 5044

Kong, Hyewon, 7499

Kurowska-Stolarska,
Mariola, 1865

L

Leary, Scot C., 4644

Lee, Jaeick, 4616

Lee, Minhyoung, 6230

Lee, Sun-joo, 18779

Lieber, Michael R., 10512

LiWang, Andy, 5026

M

Magdaong, Nikki Cecil M.,
5018

Mayran, Alexandre, 13795

Meng, Huan, 13786

Mercer, Thomas J., 5386

Michael, Anthony J., 18693

Minassian, Berge A., 7117

Mootha, Vamsi K., 7508

Moritz, Lindsay E., 13805

Murray Stewart, Tracy,
18736

N

Nadeau, Owen W., 7099

Nichols, Colin G., 18779

Nielson, Jason R., 7517

P

Pakrasi, Himadri B., 5044

Pannunzio, Nicholas R.,
10512

Pareek, Ashwani, 5035

Park, Myung Hee, 18710

Partch, Carrie L., 5026

Pattamatta, Amrutha,
16127

Pegg, Anthony E., 18681

Peterson, Ryan L., 4636

Phillips, Margaret A., 18746

Prather, Kristala L. J., 5053

Prats, Clara, 7089

R

Ranum, Laura P. W., 16127

Rayment, Ivan, 4510

Roach, Peter J., 7117

Robinett, Natalie G., 4636

Rosenzweig, Amy C., 4606

Rutter, Jared P., 7517

S

Sallmyr, Annahita, 10536

Schafer, Zachary T., 7531

Schousboe, Arne, 7108

Serratosa, Jose M., 7117

Shah, Shanaya Shital,
10524

Shearer, Jane, 7089

Singla-Pareek, Sneh L.,
5035

Solmonson, Ashley, 7522

Sung, Patrick, 10500

Swan, Jeffrey A., 5026

T

Taatjes, Dylan J., 13778

Tekirdag, Kumsal, 5414

Thorburn, Andrew, 5425

Tomkinson, Alan E., 10536

Tooze, Sharon A., 5386

Trievel, Raymond C., 13805

U

Ungerer, Justin, 5044

V

Valverde, Audrey, 15419

Vander Heiden, Matthew
G., 7490

Voelker, Dennis R., 17308

W

Waagepetersen, Helle S.,
7108

Wallroth, Alexander, 1526

Walls, Anne B., 7108

Wangikar, Pramod P., 5044

Watanabe, Go, 10512

Wolff, Edith C., 18710

Woster, Patrick M., 18736

Wright, William Douglass,
10524

Y

Yang, Yanbo, 6230

AUTHOR INDEX

iv JOURNAL OF BIOLOGICAL CHEMISTRY



Phosphoinositide conversion in endocytosis and the
endolysosomal system
Published, Papers in Press, December 27, 2017, DOI 10.1074/jbc.R117.000629

Alexander Wallroth‡ and Volker Haucke‡§1

From the ‡Leibniz-Institut für Molekulare Pharmakologie (FMP), Robert-Rössle-Strasse 10, 13125 Berlin and the §Faculty of Biology,
Chemistry, and Pharmacy, Freie Universität Berlin, 14195 Berlin, Germany

Edited by Ruma Banerjee

Phosphoinositides (PIs) are phospholipids that perform cru-
cial cell functions, ranging from cell migration and signaling to
membrane trafficking, by serving as signposts of compartmental
membrane identity. Although phosphatidylinositol 4,5-bispho-
sphate, 3-phosphate, and 3,5-bisphosphate are commonly con-
sidered as hallmarks of the plasma membrane, endosomes, and
lysosomes, these compartments contain other functionally
important PIs. Here, we review the roles of PIs in different com-
partments of the endolysosomal system in mammalian cells and
discuss the mechanisms that spatiotemporally control PI con-
version in endocytosis and endolysosomal membrane dynamics
during endosome maturation and sorting. As defective PI con-
version underlies human genetic diseases, including inherited
myopathies, neurological disorders, and cancer, PI-converting
enzymes represent potential targets for drug-based therapies.

PIs2 are a minor class of comparably short-lived membrane
phospholipids that mediate crucial cellular and organismal
functions, including signaling, gating of ion channels, cytoskel-
eton regulation and motility, development, as well as the regu-
lation of intracellular membrane traffic (1, 2). The seven PI
species found in mammalian cells differ with respect to the
phosphorylation status of the 3-, 4-, and 5-OH group in the
inositol ring of phosphatidylinositol and can be interconverted
by specific PI kinases and phosphatases (Fig. 1) (1, 2). Different
PI species display distinct subcellular distributions with PI 4-phos-
phates such as phosphatidylinositol 4-phosphate (PI(4)P) being
concentrated in the exocytic pathway, in particular in the Golgi
complex, the trans-Golgi network (TGN), and at the plasma
membrane. In contrast, PI 3-phosphates such as PI(3)P and
PI(3,5)P2 are found predominantly within early and late endo-

somes or lysosomes. As PIs are essential for key functions of the
organelles or membrane domains where they reside, they have
been postulated to serve as spatiotemporally controlled sign-
posts of membrane identity (1–3). While organelles or mem-
brane transport intermediates (e.g. vesicles and tubules)
mature, change their functional status, or fuse with each other,
their PI content changes. We are only now beginning to under-
stand how PI conversion is spatiotemporally controlled at the
molecular level. In this minireview, we highlight recent
advances in our understanding of PI conversion with a focus on
endocytosis and the endolysosomal system.

PI(4,5)P2 to PI(3,4)P2 conversion controls maturation of
endocytic coated pits

Plasma membrane function, including endocytosis, is inti-
mately linked to the presence of PI(4,5)P2, which is generated
by consecutive phosphorylation of PI to PI(4)P and PI(4,5)P2 by
PI 4-kinase III� (4) and type I PI 4-phosphate 5-kinases (PIP-
KIs) (1). Among other clathrin adaptors, including FCHo,
CALM/AP180, epsins, etc., PI(4,5)P2 recruits the heterotetra-
meric AP-2 complex, which associates with and activates PIP-
KIs (5). This results in a feed-forward loop of PIPKI activation
creating a local PI(4,5)P2 pool required for the initial stages of
clathrin-coated pit (CCP) formation. Assembly of clathrin then
displaces PIPKIs from AP-2 (6), consistent with the absence of
PIP5KIs from clathrin-coated vesicles (7) and from maturing
CCPs (5, 8). Feedback inhibition by clathrin thus restricts
PI(4,5)P2 synthesis to the early stages of clathrin-mediated
endocytosis (CME). Maturation of CCPs is accompanied by the
recruitment of the PI(3,4,5)P3 and PI(4,5)P2 5-phosphatases
synaptojanin, oculocerebrorenal syndrome of Lowe protein
(OCRL) and Src-homology 2 containing 5-phosphatase 2 (SHIP2).
Loss of these enzymes impairs CME due to defective PI(4,5)P2
hydrolysis, resulting in the accumulation of clathrin-coated
vesicles in various biological systems (9 –14). The exact timing
of PI(4,5)P2 turnover by synaptojanin, OCRL, and possibly
SHIP2 remains to be determined but may depend on the cell
type and tissue.

Recent data show that loss of PI(4,5)P2 late in CME is accom-
panied by synthesis of phosphatidylinositol 3,4-bisphosphate
(PI(3,4)P2) mediated by phosphatidylinositol 3-kinase C2�
(PI3KC2�) (15), suggesting a local conversion from PI(4,5)P2 to
PI(3,4)P2 as CCPs mature. In support of this model, depletion of
plasma membrane PI(3,4)P2 by expression of a membrane-tar-
geted variant of the PI(3,4)P2 4-phosphatase INPP4B stalls CCP
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740/TP C08 and TRR 186/TP A08. The authors declare that they have no
conflicts of interest with the contents of this article.
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dynamics similar to depletion of PI3KC2�. In contrast, plasma
membrane CCPs are lost upon PI(4,5)P2 depletion (16). Thus,
PI(4,5)P2 and PI(3,4)P2 exhibit distinct regulatory roles during
the early and late stages of CME (Fig. 2). How the formation and
turnover of these PIs is controlled in time and space remains
incompletely understood. Clathrin appears to play a dual role in
this process as it not only restricts PI(4,5)P2 production to early
stages but also is essential for the recruitment and activation of
PI3KC2� (15, 17). It is likely that additional factors, such as
plasma membrane PIs and/or small GTPases, control the nano-
scale localization and activity of PI3KC2�. Moreover, it is pos-
sible that the activity of PI3KC2� is physically and functionally
linked to hydrolysis of PI(4,5)P2 by PI 5-phosphatases, which
generate the PI3KC2� substrate PI(4)P. Dissecting these mech-
anisms in detail remains a fruitful area for future studies.

Recent computational modeling and super-resolution imag-
ing data show that local PI(3,4)P2 synthesis by PI3KC2� at
CCPs triggers the selective recruitment of the PX-BAR domain
protein sorting nexin 9 (SNX9; and its close homolog SNX18)
(18) to the invagination neck where its self-assembly regulates
membrane constriction (19). Interestingly, the membrane-de-
forming activity of SNX9 is controlled by an allosteric struc-
tural switch involving coincident detection of the clathrin
adaptor AP-2 and PI(3,4)P2 at endocytic sites (20). This mech-
anism thus allows the spatiotemporal coupling of SNX9/18-
mediated membrane constriction to the progression of the
endocytic pathway (21).

As SNX9 not only interacts with PIs but also with actin-
regulatory factors (18), it is conceivable that its action in CME
may couple membrane deformation to changes in actin dynam-

ics that– given the non-essential role of actin in CME in
mammals–likely are regulatory in nature (22, 23). Consistent
with this idea, it has been recently proposed based on in vitro
studies using liposomes that the concomitant presence of
PI(3)P and PI(4,5)P2 can facilitate F-actin assembly by SNX9
(24). According to this model, PI(3,4)P2 produced by PI3KC2�
is rapidly converted to PI(3)P by the 4-phosphatase INPP4A.
This PI(3)P pool serves to recruit SNX9 to late-stage CCPs.
Whether PI(3,4)P2 to PI(3)P conversion can occur at the plasma
membrane in vivo is uncertain. INPP4A has been localized to
endosomes (25) rather than CCPs. Moreover, a re-engineered
class III-like PI3KC2� mutant with wild-type PI(3)P-synthesiz-
ing activity in vivo (26), but unable to make PI(3,4)P2, fails to
rescue defective CME in the absence of the endogenous enzyme
(15). These data suggest that PI(3,4)P2 rather than PI(3)P is
required for CCP maturation and SNX9-mediated membrane
constriction. Future studies are needed to provide a better
understanding of the mechanisms that control PI(3,4)P2 hydro-
lysis by INPP4A/B and possibly other enzymes in time and
space within the early endocytic pathway.

PI(3)P defines endosomal membrane identity and is key
to endosome function

PI(3)P is a hallmark of the endosomal system and is of key
importance for endosome function. Within the endosomal sys-
tem, cargo may be recycled to the cell surface, trafficked retro-
gradely to the TGN, or sorted to multivesicular bodies (MVBs)/
late endosomes for lysosomal degradation. Although conversion
of plasma membrane-derived PI(3,4)P2 to PI(3)P by INPP4A/B
and possibly other PI phosphatases contributes to endosomal

Figure 1. Interconversion of PIs by kinases and phosphatases. Phosphatidylinositol can be phosphorylated by PI4K to yield PI(4)P), which can be further
phosphorylated by PIP5K to PI(4,5)P2, which serves as a substrate for class I PI 3-kinases (Class I PI3K) to produce PI(3,4,5)P3. Phosphorylation of PI at the 3-OH
position by class I PI 3-kinase (termed Vps34) (Class III PI3K) yields PI(3)P that can be further phosphorylated by PIKFYVE to produce PI(3,5)P2. PIKFYVE may also
synthesize PI(5)P from PI. Class II PI 3-kinases (Class II PI3K) synthesize PI(3,4)P2 from PI(4)P and PI(3)P from the PI. Myotubularins (MTMs) are 3-phosphatases that
hydrolyze PI(3)P and PI(3,5)P2. OCRL, synaptojanin 1/2, PIPP, SKIP, and INPP5E are PI(4,5)P2 5-phosphatases, Fig4 is a 5-phosphatase for PI(3,5)P2. PI(3,4,5)P3 can
be dephosphorylated by the 3-phosphatases PTEN and TPIP to PI(4,5)P2 or by the 5-phosphatases OCRL and SHIP1/2 to produce PI(3,4)P2. The 4-phosphatases
Sac1–3 and INPP4A/B dephosphorylate PI(4)P and PI(3,4)P2, respectively.
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PI(3)P levels, the majority of PI(3)P at endosomes is generated
by class III PI3K Vps34 and to a minor extent class II PI3Ks (e.g.
PI3KC2�) (Fig. 2) (26, 27). Class III PI3K forms two distinct
complexes that function in autophagy (complex I) and endo-
somal sorting (complex II). The endosomal complex II consist-
ing of Vps34, p150/Vps15, Beclin 1/Vps30, and UVRAG/Vps38
(28) assembles at early endosomes via association of Vps15/
p150 with Rab5-GTP to generate PI(3)P from phosphatidyli-
nositol. Endosomal PI(3)P recruits various downstream effec-
tors, including early endosome autoantigen 1 (EEA1), the
ESCRT component hepatocyte growth factor-regulated tyro-
sine kinase substrate (Hrs, termed Vps27 in yeast), and endo-
somal SNXs. These proteins directly bind to PI(3)P, e.g. via
FYVE or PX domains, to regulate endosomal fusion, intralume-
nal vesicle formation, tubulation, and maturation (29 –31).

PI(3)P production at endosomes by class III PI3K/Vps34 is
counteracted by the myotubularin family PI 3-phosphatases
MTM1, MTMR1, and MTMR2. MTM1 and MTMR2 can
associate with the WD40 domain of the Vps15 subunit of the
class III PI3K complex II on endosomes. Interestingly, the
association of the class III PI3K complex with MTM1 or with
endosomal Rabs is mutually exclusive (32, 33). How PI(3)P
production by class III PI3K/Vps34 and hydrolysis by
MTM1/MTMRs are reciprocally regulated is unknown, but
regulation of Rab GTPases, possibly in conjunction with PI
signals, is likely of crucial importance. For example, it has
recently been shown that Sbf, the Drosophila ortholog of the
PI 3-phosphatase MTMR13, recruits active MTM to pro-
mote PI(3)P turnover at endosomes and functions as a GEF
to activate the Rab5 family member Rab21 (34), a regulator

Figure 2. PI conversion in CME and in the endolysosomal system. Clathrin-mediated endocytosis requires plasma membrane PI(4,5)P2, which is a substrate
for the PI 5-phosphatases OCRL, synaptojanin, and SHIP1/2. Class II PI3K� generates a plasma membrane pool of PI(3,4)P2 necessary for CCP maturation and
formation of free clathrin-coated vesicles (CCV). PI(3)P, an essential feature of early endosomes, is generated primarily by the class III PI3K Vps34 complex II with
a possible contribution of class II PI3Ks (encircled by dashed line), either by direct PI(3)P synthesis or indirectly via PI(3,4)P2 hydrolysis by the PI 4-phosphatases
INPP4A/B. Endosomal recycling to the cell surface requires PI(3)P hydrolysis by myotubularin phosphatases (MTMs) such as MTM1 and the concomitant
generation of PI(4)P by PI4KII� to enable exocytosis. As endosomes mature into late endosomes/MVBs, the PI(3)P 5-kinase PIKFYVE converts PI(3)P into
PI(3,5)P2. PI(3,5)P2 turnover at MVBs and/or lysosomes is mediated by MTMs together with the PI(3,5)P2 5-phosphatase Fig4. Lysosomal membranes contain
several PIs such as PI(3)P, PI(4)P, and PI(4,5)P2. PI(3)P can be produced by class III PI3K/Vps34 directly at the lysosome or is obtained by fusion with autopha-
gosomes, where PI(3)P is produced by VPS34 complex I. PI(4)P is generated by PI4KIII�, and PI(4,5)P2 is hydrolyzed by OCRL. PI(4)P can be converted to PI(3,4)P2
by the class II PI3KC2�.
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of integrin trafficking (35). These results show that PI(3)P
levels and endosomal sorting are controlled by a complex
interplay between PI kinases, phosphatases, and Rab
GTPases. Similar modules may control PI turnover and con-
version at other subcellular locations.

PI(3)P to PI(4)P conversion is required for endosomal
exocytosis

The crucial importance of PI(3)P for endosomal identity
raises the question how cargo can exit the endosomal system,
for example during endosomal recycling, which delivers
integrins and other receptors to the cell surface. Recent data
suggest that surface delivery of endosomal cargo requires
loss of endosomal identity by hydrolysis of PI(3)P mediated
by MTM1, a PI 3-phosphatase mutated in X-linked centro-
nuclear myopathy patients in humans (Table 1). PI(3)P turn-
over during endosomal exocytosis is accompanied by PI
4-kinase II� (PI4KII�)-dependent generation of PI(4)P (Fig.
2) (36, 37). MTM1 and PI4KII� are part of a PI(3)P-to-PI(4)P
conversion module that involves complex formation of
PI4KII� with MTM1 and with the PI- binding exocyst teth-
ering complex that mediates fusion with the plasma mem-
brane enriched in PI(4)P and PI(4,5)P2 (36). Membrane
recruitment of MTM1 depends on PI4KII� and is associated
with Rab conversion from Rab5 to Rab11, a GTPase switch
required for endosomal recycling (38). These data link defec-
tive PI conversion at endosomes to muscle and non-muscle
defects in patients suffering from X-linked centronuclear
myopathy due to mutations in the MTM1 gene (36). Impor-
tantly, defects caused by mutations in MTM1 can be partially
reversed by pharmacological inhibition of PI(3)P production
by Vps34 (36) or genetic ablation of the class II PI3K
PI3KC2� in zebrafish or mouse models (39). These exciting
observations may thus pave a way for treatment of this oth-
erwise fatal human disease.

PI(3)P to PI(3,5)P2 conversion promotes endosomal
maturation and degradative sorting

Endosomal maturation is accompanied by Rab conversion
from early endosomal Rab5 to late endosomal Rab7 (40, 41)
and active cargo sorting into intraluminal vesicles by the
ESCRT complex, two processes that critically depend on
PI(3)P. PI(3)P activates the Rab7 GEF Mon1-Ccz1 (40 –42)
and facilitates recruitment of Hrs/Vps27, a subunit of

ESCRT-0, and of ESCRT-II, a complex that mediates inward
vesicle budding (43). Furthermore, PI(3)P promotes the
microtubule-dependent translocation of late endosomes and
lysosomes to the cell periphery. This pathway involves mem-
brane contacts between late endosomes/lysosomes and the
endoplasmic reticulum (ER) via the kinesin adaptors protru-
din and FYCO1 (44, 45). These findings reveal an unexpected
connection between endolysosomal PI 3-phosphates and
contact site formation with the ER to regulate membrane
dynamics and cell signaling (as discussed below).

Endosomal maturation along the late endosome/lysosome
pathway is accompanied by conversion of PI(3)P to PI(3,5)P2

at the limiting membrane of late endosomes (Fig. 2). This
process depends on PIKFYVE, a phosphatidylinositol and
PI(3)P 5-kinase, which binds to PI(3)P via its FYVE domain
and uses the same lipid as a substrate to form PI(3,5)P2.
PI(3,5)P2 serves several important functions at late endo-
somes/lysosomes. It is crucial for the sorting of degradative
cargo into MVBs (46) and may aid intralumenal vesicle for-
mation by associating with the ESCRT-III component Vps24
(47). Consistently, acute inhibition of PIKFYVE has been
shown to block late endosomal protein sorting or turnover as
well as retroviral budding, a process that depends on the
cellular ESCRT machinery (48). Furthermore, lysosomal
PI(3,5)P2 regulates Ca2� release from the lysosome lumen
and is required for acidification by the v-ATPase (49, 50).
How precisely PI(3,5)P2 acts in these pathways and which
effector proteins directly bind to PI(3,5)P2 remain to be
elucidated.

Given the multiple functions of PI(3,5)P2 at late endosomes/
lysosomes, the activity of PIKFYVE must be tightly regulated.
The PIKFYVE kinase is in fact part of a larger protein complex,
including the PI 5-phosphatase Fig4, that is held together by the
scaffold protein Vac14. Loss of either PIKFYVE, Fig4, or Vac14
causes a similar depletion of PI(3,5)P2 in models that range
from yeast to mammals (51–53). Active cell signaling along the
PI3K-Akt pathway promotes PIKFYVE activity via its direct
phosphorylation by Akt (54). A similar activation of PIKFYVE
by AMPK-mediated phosphorylation is observed during mus-
cle contraction (55). Much remains to be learned about the
physiological roles of PI(3,5)P2, the regulation of its synthesis
and turnover by extracellular signals, and its interplay with
other PI lipids.

Table 1
Examples of PI-metabolizing enzymes implicated in human genetic diseases

Gene Catalytic activity Kinase–phosphatase complexes Disease

FIG4 PI (3,5)P2 5-phosphatase PIKFYFE Charcot-Marie-Tooth type 4J
Yunis-Varon syndrome

MTM1 PI (3)P, PI (3,5)P2 3-phosphatase PI4KII�, VPS34 complex II Centronuclear X-linked myopathy
MTMR2 PI (3)P, PI (3,5)P2 3-phosphatase VPS34 complex II Charcot-Marie-Tooth type 4B1
MTMR5 Pseudophosphatase Phosphatase-active MTMs Charcot-Marie-Tooth type 4B3
MTMR13 Pseudophosphatase Phosphatase-active MTMs, PI3KCII� Charcot-Marie-Tooth type 4B2
MTMR14 PI (3)P, PI (3,5)P2 3-phosphatase Centronuclear X-linked myopathy
OCRL PI (4,5)P2 5-phosphatase Lowe syndrome Dent-2 disease
PIKFYVE PI, PI (3)P 5-kinase with Fig4 Fleck corneal dystrophy
PIP5K1C PI (4)P 5-kinase Lethal congenital contracture syndrome type 3
INPPL1 (SHIP2) PI (3,4,5)P3, PI (4,5)P2 5-phosphatase Opsismodysplasia
INPP5E PI (4,5)P2 5-phosphatase Joubert syndrome

MORM syndrome
SYNJ1 PI (3,4,5)P3, PI (4,5)P2 5-phosphatase Parkinson’s disease
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PI 3-phosphates are required for autophagosome
formation and maturation

Autophagy is a major pathway for the degradation of cyto-
plasmic material that eventually is targeted to the lysosome
lumen for proteolysis. It is initiated by the engulfment of bulk
cytosol (containing protein aggregates) and/or organelles by a
cup-shaped double-membrane sheet known as the phago-
phore. The phagophore closes on itself to form the autophago-
some, which delivers its contents to the lysosome for degrada-
tion by lysosomal hydrolases (56). Autophagy is reciprocally
regulated by class I and class III PI3Ks (57). Receptor-mediated
class I PI3K signaling activates the mechanistic target of rapa-
mycin complex 1 (mTORC1) during times of nutrient abun-
dance. Active mTORC1 phosphorylates and thereby inacti-
vates the serine/threonine kinase ULK1 (termed Atg1 in yeast)
(57) and the acetyltransferase p300 (58), resulting in suppres-
sion of starvation-induced autophagy. The serine/threonine
kinase ULK1 together with ATG13, FIP200, and ATG101 form
part of a multiprotein complex, which plays a pivotal role in the
earliest steps of the autophagy process (56). ULK1 stimulates
the class III PI3K–Vps34 complex I to generate a local pool of
PI(3)P on autophagic membranes (59). This pool of PI(3)P then
serves to recruit various proteins needed for the formation of
the phagophore (60). A prominent example are WIPIs, PI(3)P-
binding proteins with �-propeller folds, that mediate the
recruitment of the ATG12–ATG5–ATG16L1 E3 ligase com-
plex to the phagophore membrane to promote LC3 conjugation
and autophagosome formation (61, 62).

In addition to PI(3)P, which is essential for early steps of
autophagosome formation, PI(3,5)P2 may regulate later stages of
the autophagy/lysosomal pathway (Fig. 2). Defective autophagy/
lysosome-mediated protein turnover has been observed under
conditions of either impaired PI(3,5)P2 synthesis via PIKFYVE
(63) or defective PI(3,5)P2 turnover in the absence of
MTMR8/9 (64) and related MTMRs (65) or the 5-phosphatase
INPP5E, mutations in which cause Joubert syndrome (Table 1),
a human ciliopathy (66). Hence, cytoplasmic turnover via the

autophagy/lysosomal pathway require spatiotemporally con-
trolled formation and conversion of PI 3-phosphates, the mech-
anisms of which remain poorly understood.

PI 3-phosphates regulate nutrient signaling

The lysosome acts as a central metabolic regulator by direct-
ing the cell into either an anabolic or catabolic state. A central
element in this metabolic control hub is mTORC1 (Fig. 3),
which integrates extracellular growth factor signals with the
cellular nutrient and energy status to elicit downstream signals
that directly impinge on autophagy, protein and lipid synthesis,
and cell growth (67, 68). Disruptions in mTORC1-mediated
lysosomal signaling are implicated in diseases such as diabetes,
cancer, and neurological disorders (69, 70). Recruitment of
mTORC1 to the lysosome depends on the cellular and lyso-
somal amino acid status and is mediated by the Rag small
GTPases (71–73). The activation status of lysosomal mTORC1 is
under further control by growth factor signals, most notably class
I PI3K-mediated synthesis of plasma membrane PI(3,4,5)P3,
which activates mTORC1 via its effector Akt (Fig. 3) (74, 75).

Recent data have identified additional PIs other than
PI(3,4,5)P3 as important regulators of mTORC1-mediated
nutrient signaling. For example, amino acids stimulate class III
PI3K/Vps34-mediated PI(3)P synthesis (76). PI(3)P facilitates
lysosomal recruitment of phospholipase D1 (PLD1) via its PX
domain, resulting in the formation of phosphatidic acid, which
then triggers dissociation of the inhibitory DEPTOR subunit
from mTORC1 (77). Similarly, PI3KC2� and PIKFYVE have
been implicated in mTORC1 activation via the sequential phos-
phorylation of phosphatidylinositol to generate PI(3,5)P2,
which activates mTORC1 by associating with the WD40
domain of its Raptor subunit (Fig. 3) (78). In yeast, an additional
role of PI(3,5)P2 in nutrient signaling via recruitment of the
mTORC1 substrate Sch9 (the homolog of mammalian ribo-
somal S6 kinase, S6K) has been proposed (79).

In addition to affecting nutrient signaling via mTORC1
directly, PI(3,5)P2 may regulate nutrient signaling indirectly via

Figure 3. Subunit composition and regulation of mTORC1. mTORC1 consists of the mTOR kinase, the complex defining subunit raptor mLST8, and the two
negative regulators PRAS40 and DEPTOR. Activation of mTORC1 depends on recruiting the complex to its place of activation–the lysosomal surface– by
Ras-related GTP-binding protein (Rag) GTPases. mTORC1 is fully activated by the RHEB GTPase downstream of AKT-dependent pathways. Furthermore,
lysosomal PI(3)P and PI(3,5)P2 play roles in mTORC1 activation. AMPK and PI(3,4)P2 can inhibit mTORC1 activity by regulating the binding of raptor to inhibitory
14-3-3 proteins.
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activating lysosomal TRPML Ca2� channels (49). Blockade of
lysosomal Ca2� release has been suggested to inhibit mTORC1
signaling (80). Moreover, it has been shown that lysosomal
Ca2� release via TRPMLs triggers activation of calcineurin,
resulting in the activation and nuclear translocation of tran-
scription factor EB (TFEB) to up-regulate the expression of
autophagy/lysosomal genes (81, 82). These data suggest a pos-
sible role for PI(3,5)P2 in both anabolic (mTORC1 activation)
and catabolic pathways (induction of autophagy via TFEB).
Future studies will need to address how PI lipids, including
PI(3,5)P2, couple mTORC1 regulation to lysosomal ion home-
ostasis and protein turnover via the autophagy/lysosome
pathway.

PI(3)P and PI(3,4)P2 play opposing roles in the coupling
of nutrient signaling to lysosome position

Recent studies have revealed a surprising but mechanistically
poorly understood link between lysosomal position and func-
tion and nutrient signaling via mTORC1. Peripheral lysosomes
display a more alkaline pH due to reduced v-ATPase function
and elevated mTORC1 activity compared with perinuclear
lysosomes (83, 84). Lysosomal distribution is largely controlled
by the small GTPases Rab7 and Arl8A/B (83). Rab7 links lyso-
somes via its effector RILP to retrograde dynein motors (85),
whereas Arl8A/B directly (in the case of kinesin 3) or indirectly

(via the kinesin 1 adaptor SKIP/PLEKHM2 (86)) couples lyso-
somes to different kinesins 1 and 3 (87), which promote their
peripheral dispersion (Fig. 4). Rab7 can also interact with and
recruit the late endosomal/lysosomal kinesin 1 adaptor FYCO1,
a protein associated with PI(3)P (45), and with PLEKHM1, a
negative regulator of Arl8/SKIP/PLEKHM2-mediated lyso-
somal dispersion (88). Thus, lysosome position and dynamics
are determined by a complex interplay between competing
GTPases and their associated motors that likely are regulated
by multiple factors, including lysosomal Ca2� signals and PIs.

Under conditions of ample nutrient supply, activation of
Vps34-mediated PI(3)P synthesis facilitates the recruitment of
the PI(3)P-associated kinesin-1 adaptor FYCO1 to late endo-
some/lysosome contact sites with the ER. There the motor
protein kinesin-1 is transferred from the PI(3)P-binding
integral ER membrane protein protrudin to lysosome-asso-
ciated FYCO1 (45). FYCO1-kinesin–mediated anterograde
traffic of lysosomes to the cell periphery causes the concomi-
tant activation of mTORC1 (44). Conversely, growth factor
deprivation has recently been shown to cause the late endo-
somal/lysosomal recruitment of class II PI3K� (PI3KC2�),
which locally produces a lysosomal pool of PI(3,4)P2 that facil-
itates perinuclear clustering of lysosomes and suppresses
mTORC1 activity (89). These data argue that lysosomal PI con-

Figure 4. Interplay between lysosome position and function and nutrient signals regulated by PIs. In the absence of nutrients and growth factors,
lysosomes are transported retrogradely via dynein motors linked via Rab7/RILP. Growth factor deprivation also triggers PI3KC2� recruitment to lysosomes,
where it generates PI(3,4)P2 to suppress mTORC1 activity, and facilitates perinuclear clustering of lysosomes. High nutrient and growth factor conditions cause
activation of the class III PI3K Vps34. Vps34-mediated synthesis of PI(3)P results in lysosomal recruitment of the kinesin 1 adaptor FYCO1, which may supply
kinesin motors to the Arl8-associated adaptor SKIP/PLEKHM2. Lysosomes undergo anterograde transport resulting in their dispersion to the cell periphery and
in activation of mTORC1, e.g. by growth factor-derived Akt signaling.
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tent is subject to nutrient regulation; conversely, lysosomal PIs,
including PI(3)P and PI(3,4)P2, couple lysosome position to the
regulation of nutrient signaling via mTORC1 (Fig. 4). How local
pools of PI(3)P or PI(3,4)P2 couple lysosome position to the
activity status of mTORC1 is essentially unknown. Late endo-
somal/lysosomal PI(3,4)P2 has been shown to facilitate recruit-
ment of 14-3-3 proteins to the mTORC1 subunit Raptor (89),
but whether 14-3-3 proteins regulate lysosome position is
unknown. Therefore, it is conceivable, if not likely, that some
of the factors that control lysosome position are regulated by
the local PI content. Conceivably, PIs may also modulate the
association of mTORC1 components with the lysosomal trans-
port machinery, such as the recently described interaction
between the Arl8-activating BLOC1-related complex and the
mTORC1-associated ragulator–LAMTOR complex (90).

So far, little is known about the PI phosphatases that con-
trol lysosome position and nutrient signaling. The PI(3)P
3-phosphatase MTMR3 has recently been found to interact
with mTORC1, and overexpression of this enzyme inhibits
mTORC1 activity (91), further supporting the view that PI(3)P
facilitates nutrient signaling via mTORC1. Moreover, as lyso-
somes contain a variety of other PI lipids, including PI(4)P (92)
and PI(4,5)P2 (93), the question arises whether and how these
lipid pools may be subject to nutrient regulation or, conversely,
contribute to the coupling of lysosome function and position to
nutrient signals and, possibly, to membrane contact site forma-
tion with other organelles (94). Given the key functions that
lysosomes execute in cell physiology, the answers to these ques-
tions may impact our understanding of lysosome-related dis-
ease and be of relevance for the treatment of diseases related to
lysosome function.

Conclusions and perspectives

Although the role of PIs as signposts of membrane identity
and as important signaling factors is well established (1–3), we
are only now beginning to appreciate the complex pathways
that mediate the spatiotemporally regulated turnover of PI
identity that underlies membrane dynamics and signaling in
eukaryotic cells and tissues. Recent years have also witnessed
the identification of new functions of PIs, for example in the
formation of membrane contact sites between various organ-
elles, including the plasma membrane, the ER, and the endoly-
sosomal system, that likely contribute to cellular lipid homeo-
stasis and couple membrane dynamics to signaling pathways
(95). Among the major obstacles to resolve these mechanisms
are the limited tools to visualize and manipulate PIs in live cells
and with nanoscale resolution in real time. As novel techniques
ranging from chemical genetic and optogenetic systems to
pharmacological inhibitors of PI kinase and phosphatase func-
tion, as well as chemical tools (e.g. photocaged PI derivatives)
(96), and new sensors are being developed (97), we should soon
be able to obtain a more complete picture of the mechanisms
that govern PI conversion in endocytosis and the endolyso-
somal system. Such knowledge may turn out to be crucial when
it comes to developing new treatment avenues for the growing
list of human genetic disorders of PI metabolism (98).
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Glucocorticoids (GCs) are steroids with profound anti-in-
flammatory and immunomodulatory activities. Synthetic GCs
are widely used for managing chronic inflammatory and auto-
immune conditions, as immunosuppressants in transplanta-
tion, and as anti-tumor agents in certain hematological cancers.
However, prolonged GC exposure can cause adverse effects.
A detailed understanding of GCs’ mechanisms of action may
enable harnessing of their desirable actions while minimizing
harmful effects. Here, we review the impact on the GC biology of
microRNAs, small non-coding RNAs that post-transcription-
ally regulate gene expression. Emerging evidence indicates that
microRNAs modulate GC production by the adrenal glands and
the cells’ responses to GCs. Furthermore, GCs influence cell
proliferation, survival, and function at least in part by regulating
microRNA expression. We propose that the beneficial effects of
GCs may be enhanced through combination with reagents tar-
geting specific microRNAs.

Both the fields of glucocorticoid (GC)3 biology and microRNA
biology are too vast and complex to survey in detail here.
Instead, we will give brief overviews of both areas, drawing
attention to excellent recent reviews, before focusing on the
functional interactions between GCs and microRNAs, which
have not been comprehensively reviewed elsewhere to our
knowledge.

Glucocorticoids

GCs are a group of steroid hormones that have varied roles in
development, homeostasis, and circadian regulation of physio-
logical processes (1–5). Among many effects, they suppress

inflammatory gene expression in several cell types and promote
apoptosis of some hematopoietic cells. These anti-inflamma-
tory and/or immunosuppressive effects are the basis of the
widespread use of synthetic glucocorticoids to prevent trans-
plant rejection and graft versus host disease and to treat chronic
inflammatory disorders and hematological malignancies (6).
However, severe, even life-threatening side effects can arise
from prolonged exposure to synthetic glucocorticoids, as well
as from elevated production of endogenous glucocorticoids, as
seen in the rare endocrine cancers known as Cushing’s disease.
Common side effects include osteoporosis, hypertension, mood
disorders, muscle and skin atrophy, and increased susceptibility
to infection. Although these side effects are often said to limit
the clinical utility of GCs, prolonged treatment with GCs is far
from uncommon, particularly among the elderly. Since the dis-
covery of GCs by Philip Hench and others in the 1940s, the
uncoupling of their desirable anti-inflammatory or immuno-
suppressive effects from their harmful side effects has been pur-
sued with little success (7).

The production and actions of GCs are subject to tight reg-
ulation at several levels. Here, we will briefly mention some of
these complex processes and direct interested readers to more
comprehensive reviews (2–5). 1) Like the related hormone
aldosterone, the GC cortisol is produced from the precursor
cholesterol in the adrenal cortex, via sequential enzymatic reac-
tions mediated by hydroxysteroid dehydrogenases (HSD fam-
ily) and cytochrome P450 oxidases (CYP family) (Fig. 1). Corti-
sol biosynthesis is regulated in circadian fashion by a hormonal
relay system known as the hypothalamic–pituitary–adrenal
(HPA) axis. The hypothalamus produces corticotropin-releas-
ing hormone, which acts upon the anterior pituitary to induce
production of adrenocorticotropic hormone (ACTH). ACTH
stimulates the adrenal gland to synthesize and release GCs,
principally cortisol in humans. Cortisol also acts on both the
hypothalamus and pituitary glands to suppress the HPA axis
and limit its own production via negative feedback. 2) Local GC
availability is regulated by interconversion between the active
GC cortisol and inactive cortisone (8). The conversion of corti-
sol to cortisone is chiefly mediated by 11�-hydroxysteroid
dehydrogenase 2 (11�HSD2), whereas the reverse reaction is
chiefly performed by 11�HSD1. 11�HSD2 is most strongly
expressed in the kidney, where it protects the aldosterone
receptor from inappropriate activation by GCs. Expression of
11�HSD1 in many cells and tissues promotes GC responsive-
ness. 3) The GC receptor (GR) is encoded by the Nr3c1 gene in
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mice (NR3C1 in humans). Alternative transcription initiation
and splicing generate a variety of mRNA species (3). These
mRNA isoforms, in addition to alternative use of translational
initiation sites, generate GR protein products that differ in
function. 4) GR is a transcription factor, which is thought to
exert most of its effects at the level of transcriptional control
(although non-genomic effects are also increasingly recog-
nized). In the absence of ligand, GR is held in the cytoplasm in
complex with chaperone proteins, including FKBP5 (FK506-
binding protein 5), which maintain its ligand–receptive confor-
mation but also mask its nuclear localization signal. GCs are
lipophilic and readily diffuse across the plasma membrane.
Binding to GR causes the release of GR from its chaperone
complex and translocation to the nucleus. 5) GR can bind
directly to DNA, most often as a homodimer recognizing
a palindromic element with consensus half-site sequence
AGAACA. It can also bind to DNA as a monomer recognizing
a single half-site, or it can be recruited to DNA indirectly, via
interaction with various other DNA-binding proteins. Which-
ever mode of binding to DNA is used, GR may regulate tran-
scription either positively or negatively, depending on cellular
and chromatin context. Higher order chromatin structure and
the presence of DNA-bound partner proteins dictate where GR
is recruited and which genes it is able to regulate. Most of the
GC regulome is cell type-specific, and relatively few genes are
universally GC-responsive. 6) GR is extensively phosphorylated
within its N-terminal half (1). A few of its phosphorylation sites
have been functionally characterized and shown to modulate
GR function, either globally or in a target gene-specific manner.
Other post-translational modifications such as SUMOylation
have also been described.

MicroRNAs

MicroRNAs (miRNAs) are short RNA species, generally
19 –22 nucleotides in length, which mediate post-transcrip-
tional down-regulation of protein expression (9). This occurs

by sequence-specific recognition of seed sequences predomi-
nantly in the 3�UTR of target mRNAs. Regulation via 5�UTRs or
even open reading frames may also occur, but it is poorly under-
stood and believed to be rare (10, 11). The majority of mamma-
lian miRNA/mRNA interactions result in mRNA degradation,
brought about by transcript deadenylation through recruit-
ment of the CCR4 –NOT deadenylation complex (9, 12). Alter-
natively, translational repression can occur due to inhibition of
translational initiation (13), in at least some cases as a conse-
quence of mRNA deadenylation. Up to 60% of the mammalian
transcriptome is estimated to be subject to regulation by
miRNAs (9, 14).

The miRNAs are generally transcribed from the genome by
RNA polymerase II (Fig. 2). They can be expressed from within
protein– coding genes, most often from their introns or
3�UTRs; from miRNA clusters, where multiple miRNAs are
generated from a single precursor transcript; or as single
miRNAs within non-coding regions. They are synthesized as
initial extended RNA transcripts, called primary miRNAs. The
initial transcript undergoes its first round of processing by the
RNase III enzyme Drosha and associated protein Pasha/
DGCR8 (DiGeorge syndrome critical region 8), which cleave it
into the 70-nt precursor miRNA. This is transported out of the
nucleus and undergoes a second round of cleavage, performed
by the RNase III enzyme Dicer, resulting in the mature miRNA
as a duplex around 21 nts in length (15). The miRNA functions
as part of an RNA-induced silencing complex (RISC), in which
the Argonaute family of proteins plays a major role. The mature
miRNA is loaded onto Argonaute (Ago1– 4 in mammals), and
the passenger strand is removed and degraded, resulting in the
final active complex containing a one-stranded miRNA species
complementary to a portion of the target gene 3�UTR. The
regulation of strand selection in miRNA maturation is not yet
fully understood. There is increasing evidence that either
strand of the miRNA duplex can be selected as a guide for Ago

Figure 1. Regulation of GC biosynthesis by miRNAs. The endogenous human glucocorticoid cortisol and the mineralocorticoid aldosterone are synthesized
in the adrenal cortex from cholesterol. miRNAs have been reported to regulate this synthesis by the targeting of cytochrome p450 enzymes.
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proteins and independently regulate expression of distinct tar-
gets (16, 17).

Regulation of glucocorticoid availability by miRNAs

Global inhibition of miRNA production by knockdown of the
processing enzyme Dicer increased the production of cortisol
by adrenocortical cells, implying that steroidogenesis is nega-
tively regulated by miRNAs (18, 19). Among mRNAs whose
expression significantly increased following Dicer knockdown
were CYP11A1, CYP11B1, and CYP17A1, which encode cyto-
chrome oxidase enzymes involved in cortisol biosynthesis or
interconversion between aldosterone and cortisol biosynthetic
pathways (Fig. 1). miR-24 and miR-10b were implicated as neg-
ative regulators of CYP11B1 (19, 20), and miR-320a-3p as
a negative regulator of both CYP11A1 and CYP17A1 (18).
Although individual miRNAs exert relatively little effect on
cortisol biosynthesis, coordinated changes of miRNA abun-
dance may have a more striking impact, for example in the
context of hypoxia or adenocarcinoma (18, 20). Local GC
availability can also be regulated via effects of miRNAs on
expression of 11�-HSD enzymes. miR-579 and miR-561
were identified as negative regulators of 11�-HSD1 expres-
sion (21). In theory, differences in expression of these
miRNAs could have an impact on metabolic side effects of
GC excess (8, 22).

Regulation of the glucocorticoid receptor by miRNAs

GCs regulate many aspects of neuronal development and
function, having particularly important roles in adaptation to
stress. Expression of GR is high in the hypothalamus and other
regions of the brain forming the primitive limbic system, which
is central to stress responses (23). Increased GR expression
improves resilience to at least some forms of experimental
stress (24). Physiologically, miRNA-mediated modulation of

GR expression is thought to play a role in fine-tuning responses
to GCs during development of the central nervous system
(25). Pathophysiologically, prolonged exposure to stress or
elevated GC levels can cause long-lasting reprogramming of
neuronal GC responses, which can result in neuropsychiat-
ric disorders such as depression in later life. Such repro-
gramming at critical developmental stages in utero may con-
tribute to the transgenerational effects of antenatal GC
exposure (23, 26).

The 3�UTR of the canonical Nr3c1/NR3C1 transcript con-
tains a number of well-conserved binding sites for miRNAs
(27), of which we will initially focus on miR-124-3p. This neu-
ronally expressed miRNA targets the Nr3c1 3�UTR to down-
regulate GR expression (28 –32). It can be induced by GCs (28,
32–34), suggesting that it may contribute to negative-feedback
regulation of GC sensitivity. In rats (31, 34) and mice (32), ele-
vated miR-124-3p levels in the brain were associated with
decreased GR levels and GC sensitivity and increased depres-
sion-like symptoms. Furthermore, treatment of mice with an
miR-124-3p antagonist (antagomir) reduced depression-re-
lated behaviors (32). Levels of miR-124-3p were reportedly ele-
vated in peripheral blood of patients with severe depression (35,
36). Collectively, these findings suggest that miR-124-3p may
be both a biomarker and therapeutic target for psychiatric dis-
orders related to dysfunction of the HPA axis. It should be
noted that several other putative targets of miR-124 have been
identified (37), and miR-124 was reported to influence GR
function indirectly via effects on phosphodiesterase 4B (38) or
11�HSD1 (34).

ACTH treatment of mice increased adrenal gland expression
of several miRNAs, including miR-142-3p (although, curiously,
not miR-124-3p) (39). A number of these miRNAs were dem-
onstrated to target the Nr3c1 3�UTR and reduce expression of

Figure 2. miRNA biogenesis and function. miRNAs are transcribed from the genome to create primary (pri-)miRNAs. The first round of cleavage occurs in the
nucleus, carried out by the RNase III enzyme Drosha and associated factor Pasha/DGCR8, resulting in the shorter precursor (pre-)miRNA. Nuclear export is
mediated by Exportin 5 (XPO5) and Ran-GTP. The second cleavage is carried out in the cytoplasm by the RNase III enzyme Dicer as part of a protein complex that
produces the mature miRNA. Strand selection results in release of one of the two miRNA strands, which is degraded. The retained strand is loaded onto
Argonaute protein (e.g. Ago2) and forms RISC along with other proteins such as GW182. Silencing can occur by promoting deadenylation and mRNA
degradation or translational repression.
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GR. As suggested above, miRNA-mediated fine-tuning of GR
levels may contribute to desensitization in the face of sustained
activation of the HPA axis, preventing consequences such as
GC-induced atrophy of the adrenal glands. Other miRNAs
that have been implicated in the post-transcriptional control
of GR expression include miR-101a and miR-18a (31, 39, 40).
Increased expression of miR-18a and decreased expression
of GR were found in the paraventricular nuclei of Fischer 344
rats, which fail to demonstrate adaptive responses to
repeated stress and display increases in stress-related disor-
ders (40).

An interesting concept is that differential exon usage at the
Nr3c1 locus may generate transcripts that differ in their suscep-
tibility to miRNA-mediated regulation. Differential splicing at
the last intron gives rise to an mRNA isoform that encodes GR�
but lacks binding sites for miR-124-3p, miR-142-3p, and others
(28). The GR� protein isoform is transcriptionally inactive and
is believed to function as a dominant-negative inhibitor of the
canonical GR� isoform (41). Therefore, either changes of
mRNA splicing or miRNA expression could result in an
increased GR�/GR� ratio and an impairment in GC sensitivity.
Cell type-specific alternative promoter usage at the Nr3c1
locus generates transcripts containing variant, non-coding first
exons. It has been speculated but not yet established that these
mRNA isoforms differ in sensitivity to miRNA-mediated regu-
lation (42). Targeting of 5�UTRs by miRNAs differs from the
canonical mechanism but has been demonstrated in other con-
texts (10).

High-dose GCs are often used to treat leukemias such as
multiple myeloma (MM) and acute lymphoblastic leukemia
(ALL) because of their capacity to impair cell division or pro-
mote apoptosis. Resistance to these effects is a common and
serious clinical problem. miRNA-mediated suppression of GR
has been identified as a possible causative event in the escape of
leukemias from GC therapy (27, 43). Expression of miR-124-3p
was elevated in ALL patients that showed poor response to GC
therapy and was accompanied by reduced expression of GR
(44). Introduction of miR-124-3p to a GC-sensitive cell line in
vitro attenuated the anti-proliferative and pro-apoptotic effects
of GC treatment (44). High expression of miR-142-3p in ALL
was also correlated with poor prognosis (45). This miRNA was
shown to inhibit pro-apoptotic effects of GCs by targeting both
GC and cyclic AMP-signaling pathways, which cooperate to
regulate T cell apoptosis (45, 46). It appears that escape from
the inhibition of tumor growth may depend on miRNAs that
normally function to attenuate GC responses in the context of
sustained HPA axis dysregulation and/or GC excess. The high
concentrations of GCs used in cancer treatment may generate
selective pressure for cells expressing high levels of NR3C1-
targeting miRNAs or directly promote increases in expression
of those miRNAs. The miRNA-mediated regulation of GR
expression has also been implicated in the loss of GC sensitivity
in MM. The NR3C1-targeting miR-130b was more strongly
expressed in a GC-insensitive MM line, and its introduction to
a GC-sensitive line impaired cellular response to GC treatment,
including the induction of apoptosis (47). However, the use of
an antagomir to knock down miR-130b expression in the GC-
insensitive line was not sufficient to restore GC sensitivity, sug-

gesting that additional factors (miRNA or other) must contrib-
ute to GC resistance.

GR function is positively and negatively regulated via phos-
phorylation (1), and it can be indirectly modulated at this level
by miRNAs. For example, miR-9 targets a regulatory subunit of
protein phosphatase 2A (PP2A), leading to an increase in activ-
ity of the PP2A substrate c-Jun N-terminal kinase 1 (JNK1) and
enhanced phosphorylation of GR (48). Phosphorylation by
JNK1 impairs GR function by inhibiting nuclear translocation
of the receptor. An miR-9 antagonist restored GC responsive-
ness in experimental models of GC-resistant asthma (48).
Another indirect mechanism for modulation of GR function
involves miR-511-5p-mediated control of the expression of the
chaperone protein FKBP5, alleviating GR repression by this
chaperone and contributing to neuronal differentiation (49).
miR-433 was reported to dampen GR activity indirectly by sup-
pressing its ligand-induced translocation to the nucleus, but a
detailed mechanism underlying this miRNA effect has yet to be
described (50).

Role of miRNAs in leukocyte responses to
glucocorticoids

Several miRNAs have been implicated in positive or negative
regulation of inflammatory and immune responses (51, 52), and
such mechanisms may be subject to modulation by GCs. The
best characterized example is miR-155, which is generated
from the precursor transcript B cell integration cluster (BIC)
(53). Integration of the avian leukosis virus at the BIC locus in
chickens increased the expression of BIC and its product miR-
155, with oncogenic consequences. Increased levels of miR-155
have subsequently been described in many types of cancer,
leading to its identification as one of the first oncogenic
miRNAs (oncomirs). In myeloid cells, the expression of miR-
155 is induced by engagement of pattern recognition receptors,
in a manner that is at least partly dependent on nuclear factor
�B (NF-�B) (54, 55). It promotes inflammatory responses by
inhibiting the expression of negative regulators, including sup-
pressor of cytokine signaling 1 (SOCS1), a negative regulator of
type 1 cytokine and Toll-like receptors; Src homology 2-con-
taining inositol phosphatase 1 (SHIP1), a negative regulator of
the TLR/PI3K/Akt pathway; and Bcl6, a negative regulator of
NF-�B (53). miR-155 is highly expressed in both fibroblasts and
macrophages of the inflamed synovium in rheumatoid arthritis
(RA), where it contributes to the elevated expression of chemo-
kines and pro-inflammatory cytokines (56, 57). Mice lacking
miR-155 were resistant to synovial inflammation and bone ero-
sion in an experimental model of RA, identifying this miRNA as
a critical inflammatory mediator (57). The GC dexamethasone
inhibited the lipopolysaccharide (LPS)-induced expression of
miR-155 in primary macrophages and macrophage cell lines
(54), spleen and liver cells of LPS-injected mice (54, 58), and T
lymphocytes of sepsis patients (59). These observations collec-
tively suggest down-regulation of miR-155 is an important anti-
inflammatory action of GCs. Dexamethasone-mediated down-
regulation of a BIC promoter construct in the macrophage cell
line RAW264.7 was dependent on an NF-�B-binding site,
although curiously, the mutation of this site did not strongly
impair the activation of the promoter by LPS (54). The exact
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mechanism by which GCs inhibit miR-155 expression requires
further clarification. Another important question is whether
GCs alter B cell function via changes in expression of miR-155.
There is growing evidence for a pathogenic role of miR-155 in
Th2-mediated allergic diseases such as asthma (60), which are
commonly treated using GCs. However, miR-155 expression
was neither elevated in airway cells of patients with mild asthma
nor was successful glucocorticoid therapy associated with any
change in its expression (61). In fact, no GC-induced changes of
miRNA abundance were found in this study or another from
the same group (62), in which pulmonary inflammation in mice
was induced by LPS inhalation. Either GC-mediated changes
of miRNA expression did not contribute strongly to the sup-
pression of inflammation in vivo, or the heterogeneity of cell
types sampled in lung biopsies concealed cell type-specific
GC responses.

miR-511 is generated from the fifth intron of Mrc1 mRNA,
which encodes the C-type mannose receptor CD206. Expres-
sion of CD206 is elevated in so-called alternatively-activated or
M2 macrophages and can be up-regulated by GCs as well as the
M2-inducing cytokines IL-4 and -13 (63, 64). miR-511-5p was
shown to target Tlr4 (Toll-like receptor 4) and Il12b (IL-12p40
subunit), contributing to impaired sensitivity to LPS and
decreased expression of the classically-activated (M1) macro-
phage marker IL-12 (64). The SPRET/Ei mouse strain is resist-
ant to TNF�-induced systemic inflammation and displays
hyperactivity of the HPA axis. The consequently high levels of
endogenous GCs increased the expression of miR-511-5p,
which targeted Tnfrsf1a mRNA to down-regulate its protein
product, the p55 TNF receptor, conferring TNF resistance (63).
Thus, changes in levels of miR-511-5p or its opposite strand
partner miR-511-3p may have an important impact on myeloid
cell differentiation and activation, as a by-product of altered
Mrc1 gene expression (65, 66). Another GC-induced miRNA,
miR-98, targeted Tnfrsf1b mRNA and reduced expression of its
product, the p75 TNF receptor, in T lymphocytes (67). miR-98,
like other members of the let-7 miRNA family to which it
belongs, is also thought to target the 3�UTR of Il13 (67, 68).
Because IL-13 has a well-established pathogenic role in asthma,
miR-98 may contribute to therapeutic effects of GCs in this
disease.

Mitogen-activated protein kinase (MAPK) p38 is a critical
mediator of inflammatory responses in myeloid and other cells.
Its activity is dynamically regulated by a negative feedback loop
involving its dephosphorylation and inactivation by dual spec-
ificity phosphatase 1 (DUSP1) (69, 70). A number of pro-
and anti-inflammatory mediators influence the duration and
strength of inflammatory responses by modulating the expres-
sion of DUSP1 (70, 71). Notably, GCs cooperate with pro-in-
flammatory stimuli to enhance and sustain DUSP1 expres-
sion and to accelerate the inactivation of p38 MAPK (69, 70).
Both direct GR-mediated activation of the Dusp1 gene (72,
73) and indirect miRNA-mediated effects (74) have been
described. Pro-inflammatory stimuli induce the expression
of miR-101, which targets the Dusp1 3�UTR. GCs inhibit the
expression of miR-101, contributing to sustained DUSP1
expression, impaired p38 MAPK activation, and reduced

expression of p38 MAPK-dependent inflammatory media-
tors (74).

GCs influence lymphocyte cell division and apoptosis, effects
that can be exploited for the treatment of many hematological
malignancies. As reviewed elsewhere (43), tumor-suppressive
effects of GCs are now thought to involve changes in expression
of miRNAs. The miRNAs that regulate GC responses by alter-
ing the expression of GR were discussed above. The miR-
17�92 cluster consists of six miRNAs (miR-17, -18a, -19a,
-19b-1, -20a, and 92a-1) generated from a single precursor RNA
that is transcribed from chromosome 13 (75). The chromo-
somal region is duplicated in many human lymphomas, and
overexpression from a transgenic construct causes lymphopro-
liferative disease (76). Targets of the miRNA cluster include the
tumor suppressor PTEN (phosphatase and tensin homolog),
which regulates inositol phosphate signaling; and Bim, a pro-
apoptotic member of the Bcl-2 family of proteins, which collec-
tively regulate cytochrome c-mediated apoptosis. Several
reports have ascribed therapeutic effects of GCs in lymphoma
to the suppression of the miR-17�92 cluster, and consequent
inductionofBim-mediatedapoptosis(77–80).Conversely,resis-
tance to GC-induced apoptosis was associated with failure of
GCs to down-regulate the miR-17�92 cluster (77, 81). This
miRNA cluster appears to play a well-conserved role in fine-
tuning of responses to pro- and anti-apoptotic signals. How-
ever, the mechanism of regulation by GCs remains to be
identified.

Other GC-regulated miRNAs that may contribute to the reg-
ulation of survival have been identified by deep sequencing of
leukocytes undergoing GC-induced apoptosis (80, 82) or
screening for differentially expressed miRNAs in GC-sensitive
and -insensitive cancer cell lines (81, 83). One such differen-
tially expressed miRNA is miR-150-5p, which was up-regulated
in a GC-sensitive MM cell line but not in a GC-insensitive cell
line. Although overexpression of miR-150-5p in the GC-insen-
sitive line reprised many of the effects of GCs on genes involved
in proliferation and survival, it failed to induce apoptosis (81).
Additional effectors of the GC response therefore remain to be
identified. Conversely, resistance to GC-induced apoptosis in
MM has been linked to increased expression of miR-221/222
(84) or miR-125b (83). These miRNAs are likely to exert their
effects by impairing cell death pathways, including DNA dam-
age-induced apoptosis driven by TP53 (tumor protein 53). Par-
adoxically, miR-125b is up-regulated by GCs (83), perhaps a
mechanism by which GCs self-limit their pro-apoptotic effects.
One implication of these observations is that therapeutic pro-
motion of apoptosis in hematological malignancies could be
augmented by supplementing GCs with miRNA antagonists
(83, 84). However, successful therapeutic manipulation of
miRNA expression is likely to be highly specific to tumor type
and mechanism of oncogenesis. This is demonstrated by the
comparison of miR-221 expression between cancers. Resis-
tance to GC-induced apoptosis has been attributed to an
increase of miR-221 expression in MM (84) but a decrease of
miR-221 expression in some forms of ALL (85).

Plasmacytoid dendritic cells (pDCs) are key to the innate
immune defense against viral pathogens. They express high lev-
els of type I interferons upon stimulation with agonists that
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mimic viral infection, such as ligands of Toll-like receptor 9
(TLR9). Such agonists render pDCs resistant to GC-induced
apoptosis (86). Treatment of pDCs with GC alone led to up-reg-
ulation of several miRNAs, including members of the miR-29
family that can target anti-apoptotic members of the Bcl2 fam-
ily. Addition of a TLR9 agonist abrogated GC-induced apopto-
sis, which was restored by transfection of miR-29b or miR-29c
mimics (87). Therefore, activation of pDCs impairs their GC-
induced apoptosis at least partly by inhibiting the expression of
miR-29 family members.

Role of miRNAs in non-hematopoietic cell responses to
glucocorticoids

Bone is continuously remodeled via balanced activities of
bone-forming cells (osteoblasts) and bone-resorbing cells
(osteoclasts). A common and severe side effect of prolonged
exposure to GCs is osteoporosis, resulting from decreased pro-
liferation or increased apoptosis of osteoblasts, combined with
increased proliferation or resorptive activity of osteoclasts (88).
Treatment of osteoblasts with GC decreased the expression of
the miR-17�92 cluster (89). Both miR-17 and miR-20a inhibit
osteoblast expression of receptor activator of NF-�B ligand
(RANKL), a factor critical for driving the differentiation and
activation of osteoclasts (90). Therefore, decreased miR-17�92
expression could indirectly favor bone resorption. As
described in lymphoma cells, decreased miR-17�92 expres-
sion also promotes Bim-mediated apoptosis of osteoblasts,
providing a direct mechanism of GC-induced bone loss
(89). Down-regulation of the miR-17�92 cluster was also
reported to contribute to GC-induced apoptosis of chondro-
cytes, suggesting that this mechanism of control of apoptosis
may be widespread (91).

Several miRNAs have been reported to target components of
the Wnt (wingless type)-signaling pathway, which fine-tunes
bone metabolism (92, 93). miR-199a-5p is up-regulated by GC
treatment of osteoblasts and targets two members of the WNT
pathway, WNT2 and FZD4, a member of the Frizzled family
of plasma membrane WNT receptors (94). However, miR-
199a-5p levels were found to be diminished in bone samples
from patients with Cushing’s disease, a condition of endoge-
nous GC excess (95). The reason for the discrepancy is not
known. It could be related to the heterogeneous cellular com-
position of bone samples studied or an adaptation to prolonged
elevation of endogenous GC. miR-320b is also up-regulated by
GC treatment of osteoblasts, causing reduction in the expres-
sion of �-catenin, the key downstream mediator of Wnt signal-
ing (96). Other candidate miRNA mediators of GC effects on
bone were also identified in this study. Prolonged GC treatment
of rats decreased the expression in bone of several miRNAs,
including miR-29a (97). Retroviral delivery of miR-29a precur-
sor RNA protected rats against GC-induced bone loss, whereas
the miR-29a antagonist mimicked the effects of GC. Increased
levels of miR-29a were accompanied by increased expression of
osteogenic markers such as collagen type 1a1 and the transcrip-
tion factor Runx2. However, direct targets of miR-29a were not
identified. It was suggested that miR-29a could be utilized to
prevent bone pathologies associated with long-term GC use. A
note of caution is necessary here. Osteoblast-specific deletion

of the miRNA-processing enzyme Dicer did not prevent GC-
induced inhibition of bone formation (98). The most obvious
interpretation is that miRNAs do not play a major role in GC-
induced osteoporosis. However, it is also conceivable that
global disruption of miRNA biogenesis in osteoblasts has bal-
ancing positive and negative effects on bone turnover.

Several studies have reported a broad down-regulation of
mature miRNA expression in response to GC treatment. This
has been linked to the reduced expression of the miRNA pro-
cessing enzymes Drosha, Dicer, and Pasha/DGCR8, with a
resulting reduction in total miRNA maturation (78, 89, 91).
Silencing of Dicer expression by shRNA in lymphocytes en-
hanced the apoptosis induction by GCs (78). However, the gen-
eral consequences of a global inhibition of miRNA production
are unclear, due to the broad roles of miRNAs and the varied
context-specific effects of GCs. The proposed mechanism of
miRNA inhibition is also inconsistent with the multiple reports
of GC-induced miRNA up-regulation in multiple cell types (67,
80, 95, 96) and the observations of transcriptional inhibition,
for example of the miR-17�92 cluster (79). These studies do,
however, highlight the many potential mechanisms by which
GCs can alter miRNA abundance, either in a miRNA-specific
manner or more broadly.

Summary

As miRNAs exert such pervasive effects on biological pro-
cesses, it is not surprising that they touch on GC action at sev-
eral points (summarized in Fig. 3). Their touch is often light, in
the sense that individual miRNAs alter expression of their tar-
gets only modestly. Nevertheless, one miRNA can hit several
targets, and one target may be hit by several different miRNAs.
Therefore, coherent and coordinated changes of miRNA abun-
dance can affect complex biological processes quite profoundly.
Furthermore, functional interactions between miRNAs and
target transcripts are based on limited sequence complementa-
rity. Such regulatory complexity creates two sets of major chal-
lenges. The first are essentially challenges of methodology and
bio-informatics. How are functional interactions to be pre-
dicted with confidence, and how are subtle effects of individual
miRNAs to be experimentally validated without the danger of
confirmation bias? How are miRNA-mediated effects on bio-
logical processes to be identified and understood when they
involve many-to-many rather than one-to-one interactions?
These challenges are increasingly being met through improve-
ments in miRNA target prediction algorithms, systems biolog-
ical approaches, better methodologies, and more widespread
adoption of best-practice experimental controls. The second
set of challenges relate to the therapeutic exploitation of knowl-
edge gained. In this context, advances are likely to be most rapid
in situations where insensitivity to GCs is a pressing clinical
problem, for example in hematological malignancies and GC-
resistant asthma. Even where good therapeutic targets can be
clearly identified, it remains to be seen whether a mimic or
antagonist of a single miRNA species will be sufficient to exert
therapeutic effects. If targeting more than one miRNA proves
necessary, this will create additional barriers to development, in
part because of the problem of predicting and mitigating off-
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target effects. This field of endeavor is an exciting one, but suc-
cess is far from certain.
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Kinesin-2s are major transporters of cellular cargoes. This
subfamily contains both homodimeric kinesins whose catalytic
domains result from the same gene product and heterodimeric
kinesins with motor domains derived from two different gene
products. In this Minireview, we focus on the progress to define
the biochemical and biophysical properties of the kinesin-2
family members. Our understanding of their mechanochemical
capabilities has been advanced by the ability to identify the kine-
sin-2 genes in multiple species, expression and purification of
these motors for single-molecule and ensemble assays, and
development of new technologies enabling quantitative mea-
surements of kinesin activity with greater sensitivity.

Kinesins constitute a superfamily of microtubule-based
molecular motor enzymes that couple the chemical energy
from ATP turnover to force production for diverse cellular
functions (1–12). Kinesins are classified into 15 different sub-
families, yet they share a structurally conserved kinesin motor
domain (1, 3, 13–16). However, key amino acid residue changes
can confer unique mechanochemical properties to each kine-
sin, which in turn specify cellular function. The N-terminal
kinesins are composed of an N-terminal motor domain con-
nected to a long �-helical region that dimerizes into a coiled-
coil stalk that ends with a C-terminal domain that may interact
with specific adaptor proteins for cargo linkage (Fig. 1). N-ki-
nesin subfamilies include conventional kinesin-1, kinesin-2,
kinesin-3, kinesin-5 Eg5/KSP, and kinesin-7 CENP-E, and all
are best known for their roles in intracellular transport.

N-kinesins carry cargo directionally toward the plus-end of
microtubules, which are polymerized from ��-tubulin sub-
units to form a cylindrical polymer of 13 protofilaments. The
kinesins are able to “read” the polarity of the microtubule
because of the structural asymmetry of ��-tubulin subunits.
The movement of N-kinesins is designated as “processive,”
which implies that upon microtubule collision, a single dimeric
kinesin steps continuously toward the microtubule plus-end in

an asymmetric hand-over-hand manner hydrolyzing one ATP
per 8-nm step for hundreds of steps (17–22). The 8-nm step size
results from the distance between adjacent ��-tubulin dimers
along the microtubule lattice. As Fig. 2 illustrates, a processive
kinesin binds the microtubule and then goes through a series of
structural transitions, each modulated by nucleotide state. To
maintain a processive run with continuous stepping, the
ATPase cycle of each head remains out-of-phase with the other
to avoid premature release if both heads exist in a microtubule
weak binding state simultaneously. The degree of processivity,
quantified by “run length,” varies between kinesin subfamilies
and is regulated by a series of “gating” mechanisms in which a
chemical and/or mechanical requirement must be satisfied to
proceed forward. There has been significant effort to define the
determinants of processivity structurally and mechanistically.
The framework has been shaped by work on kinesin-1 (recent
advances include Refs. 23–34) and applied to kinesin-2.

Kinesin-2 subfamily

Kinesin-2 was initially discovered in sea urchin eggs (35, 36).
The purified protein promoted microtubule plus-end–di-
rected microtubule gliding in motility assays. Yet, unlike kine-
sin-1, this kinesin was heterotrimeric with two different motor
polypeptides and a non-motor accessory protein designated
kinesin-associated polypeptide (KAP).3 Soon thereafter, het-
erodimeric and heterotrimeric kinesins were identified in mul-
tiple eukaryotic species, and like kinesin-1 they were associated
with long distance cargo transport (3–7, 11).

In mammals there are four kinesin-2 genes: KIF3A, KIF3B,
KIF3C, and KIF17. KIF17 as well as its Caenorhabditis elegans
homolog OSM-3 form homodimers that function as fast, highly
processive motors and operate in multiple cell types, including
neurons (5, 6, 37– 40). In contrast, KIF3A associates with either
KIF3B or KIF3C to form heterodimeric KIF3AB and KIF3AC
motors (41–45). KIF3B does not form heterodimers with
KIF3C (45–47). Moreover, multiple studies showed that het-
erodimerization was preferential over homodimer formation
(43, 46, 48, 49), although there is evidence for an injury-specific
homodimer of KIF3CC in neurons (45, 47, 50, 51).

KIF3AB forms a heterotrimeric complex by association with
KAP (Fig. 1) (36, 52–54). KAP is a distinctive adaptor largely
composed of armadillo repeats (55, 56), and it is these motifs
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that provide specificity of the interaction between KIF3AB and
KAP and between KIF3AB–KAP and its cargo. Note also that
KIF3A, KIF3B, and KAP are all essential genes (57–62). Knock-
out mice for KIF3A or KIF3B show the absence of nodal cilia
that are crucial for proper mesodermal patterning during
embryogenesis and thus have a randomized left–right body axis
(57–59). Other studies have linked KIF3AB–KAP to cilia-de-
pendent signal transduction pathways, including the Hedge-
hog-signaling pathway (63, 64). KIF3AB–KAP transports mul-
timeric protein complexes (designated IFT particles) into the
cilium, and its transport role for ciliogenesis is considered the
reason that KIF3AB–KAP is essential for development. It also
appears to be the basis of similarity between KIF3AB–KAP and
other kinesin-2 heterotrimeric orthologs.

In contrast, there is not strong experimental evidence that
mammalian KIF3AC binds KAP (5, 52, 55, 65). Another obser-
vation to rule out an association of KAP with KIF3AC is the lack
of sequence similarity of KIF3C at the putative KAP-binding
region of KIF3AB. Note also that a universal KIF3AC adaptor
for cargo linkage has not yet been identified.

KIF3C exhibits a signature motif that is conserved in mam-
mals, a 25-residue insert in loop L11 of the catalytic motor
domain enriched in glycines and serines (Fig. 3) (38, 44, 66, 67).
When this insert was deleted from loop L11 of KIF3C (desig-
nated KIF3C�L11), the run length of KIF3AC�L11 increased

from 1.23 �m for KIF3AC to 1.55 �m and therefore was similar
to the run length of KIF3AB at 1.62 �m. These results suggested
that this motif regulated processivity (67). The KIF3C L11
insert was also implicated in the ability of homodimeric
KIF3CC to be targeted to microtubule plus-ends and act as a
potent catastrophe factor to promote microtubule dynamics.
KIF3CC�L11 lost the ability to promote catastrophe, suggest-
ing that the loop L11 extension, unique to KIF3C, is a structural
motif required for regulation of microtubule dynamics by
KIF3CC (51).

Yet, despite similarities in sequence and structure, KIF3AC
appears to function specifically in neurons, whereas KIF3AB–
KAP and KIF17 appear more ubiquitously expressed (4, 5, 12,
38). This Minireview will focus specifically on the properties of
KIF3AC and KIF3AB.

Neck linker hypothesis for kinesin-2 processivity

The neck-linker domain was identified for kinesin-1 as the
critical determinant of processivity (23, 68 –71). Based on these
studies, it was proposed that a longer or shorter neck linker
affected the communication and therefore the coordination
between the motor domains. The impact observed by elongat-
ing the neck linker was a decrease in run length because of the
higher probability of both motor heads reaching the ADP weak

Figure 1. Molecular organization of kinesin-1, -2, -5, and -7 processive motors. These processive kinesins all contain two molecular motor domains,
although the molecular organization of the remaining and associated polypeptide chains differs within and between kinesin subfamilies. The depictions
shown here include representative space-filling models for domains whose three-dimensional structures are known and cartoons for those segments whose
structures are yet to be determined. The lengths for the coiled-coiled and globular domains, whose structures have not been defined, are not drawn to scale.
The X-ray coordinates used to generate this figure include the motor domains for kinesin-1, 3KIN; Eg5, 4PXU; CENP-E, 1T5C; KIF3B, 3B6U; KIF3C, 3B6V; and KIF17,
2VVG. The coordinates for the Eg5 BASS tetramerization domain and kinesin-1 light chain are 4PXU and 3CEQ, respectively.

MINIREVIEW: Kinesin-2 molecular motors

J. Biol. Chem. (2018) 293(12) 4510 –4518 4511



Figure 3. Species-specific neck-linker length analysis and KIF3C loop L11 sequence motif. A, neck-linker sequence comparison for processive kinesins and
neck-linker length predictions based on structural analysis (80). B, species-specific alignment of loop L11 sequences between KIF3A, KIF3B, and KIF3C in
comparison with other processive kinesins. Red sequence represents the extended KIF3C-specific residues.

Figure 2. KIF3 stepping models. Two variations of a kinesin stepping cycle are presented: a front-head– gated model (A), and a revised rear-head–
gated model (B). Each cycle begins as one motor head collides with the microtubule; ADP is released, and the asymmetry of the ATPase cycle on each
motor domain is established (E0 –E1). The E1 intermediate is tightly bound to the microtubule with its leading head nucleotide-free and the trailing head
detached as the weak-binding ADP state. A, ATP binds to the leading head and generates a structural transition transmitted through the neck-linker
motif (E2–E3). The ATP-induced structural transition is designated neck-linker docking (*) and shifts the lagging unbound head forward by 16 nm to the
next microtubule-binding site toward the microtubule plus-end (E2–E4). ADP is subsequently released (E4 –E5). Both heads are bound to the microtu-
bule with the leading head now nucleotide-free and tightly bound to the microtubule. ATP hydrolysis on the rear head (E5) results in another series of
structural transitions in which phosphate is released; the trailing head transitions into a weakly bound ADP state and detaches from the microtubule to
form the E1 intermediate. The first 8-nm step of the cycle is coupled to one ATP turnover and positions the new leading head to begin the second step
of the processive run waiting for ATP (E1). The front-head–gated model (A) proposes that ATP binding promotes neck-linker docking that is coupled with
a structural step (E2–E5) and that in the two-head bound state (E5), and ATP binding on the leading head is inhibited. In contrast, the revised
rear-head–gated model (B) proposes that ATP binding partially docks the neck linker onto the catalytic core but posits that ATP hydrolysis (E2–E4) occurs
while the tethered head is in its diffusional search for its microtubule-binding site with ATP hydrolysis required to completely dock the neck linker. The
rear-head–gated model proposes that the E3–E4 intermediate is in a kinetic race for the front head to bind tightly to the microtubule before phosphate
is released on the rear head (E4 –E5).
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binding state at the same time. Initial studies with Xenopus
laevis kinesin-2 Xklp3A/3B revealed that it was not as pro-
cessive as kinesin-1 and detached from the microtubule at low
hindering loads rather than stall (72–75). The next question
ahead was to understand mechanistically and structurally why
kinesin-2 was sensitive to force resulting in shorter run lengths
and why it was so different from kinesin-1.

A series of publications were released beginning in 2009 that
explored the single-molecule behavior of mammalian KIF3AB
to define the mechanistic basis of the shorter run lengths
observed for Xklp3A/3B (76 –78). The authors proposed that
the shortened run length observed for KIF3AB was due in part
to its longer neck linker (Fig. 3A). In comparison with kinesin-1,
the neck linker of KIF3AB appeared to be extended by three
residues (Asp-Ala-Leu, DAL) at its C terminus and prior to
helix �7 (Fig. 3A) (76 –78). Initial studies showed that the run
length of homodimeric Drosophila kinesin-1 was 1.76 �m, yet
the run length of kinesin-2 KIF3AB was 0.45 �m consistent
with this hypothesis (76). Furthermore, when the neck linker of
kinesin-1 was engineered and extended by the DAL motif of
kinesin-2 (Fig. 3A), the kinesin-1 � DAL run length decreased
to 0.35 �m, thus providing additional evidence for the hypoth-
esis that an extended neck linker shortened the run length
observed for kinesin-2.

As an extension of these studies, Shastry and Hancock (78)
examined other N-terminal processive kinesins, including
kinesin-3 (C. elegans Unc104), kinesin-5 (X. laevis Eg5/KSP),
and kinesin-7 (X. laevis CENP-E) in comparison with Drosoph-
ila kinesin-1 and murine KIF3AB (78). Based on the sequence
alignment of helix �6, the neck-linker peptide, and helix �7,
kinesin-1 exhibited a 14-residue neck linker, kinesin-2, and
kinesin-3 each with 17-residue neck linkers, and kinesin-5
and kinesin-7 each with 18-residue neck-linker domains (Fig.
3A). For these studies, a similar motor design approach was
used in which the kinesin-specific motor domain with neck
linker was fused to the neck-coil beginning at helix �7 of the
proximal coiled-coil region of Drosophila kinesin-1. The results
for these hybrid motors showed that processivity based on run
length scaled with neck-linker length except for CENP-E,
which was highly processive with its 18-residue neck linker and
became less processive as the neck linker was shortened.

The hypothesis that neck-linker length controlled the effi-
ciency of gating and therefore run length came under scrutiny
immediately. Düselder et al. (79) pursued a study with X. laevis
kinesin-5 Eg5 in which they varied the length of the neck linker
from 9 to 21 residues. Their results showed that native Eg5
motors with neck linkers down to 12 residues were highly pro-
cessive, but notably, the run lengths were maximal when the
neck linker was close to that of the native X. laevis Eg5. The
authors argued that there was no optimal neck-linker length,
but they proposed instead that the optimal neck linker was
kinesin-specific (79). Guzik-Lendrum et al. (67) designed KIF3
constructs that when expressed contained the N-terminal
native sequence of each motor domain, neck linker, and native
helix �7, followed by a dimerization motif to stabilize the native
coiled-coil. Using total internal reflection fluorescence micros-
copy, KIF3AC–Qdot complexes were found to be highly pro-
cessive with run lengths of 1.23 �m, matching the run length of

kinesin-1 (67). The authors concluded that the 17-residue neck
linker of KIF3AC clearly did not impede processive stepping.
Moreover, the newly designed KIF3AB exhibited a run length of
1.62 �m, exceeding the run length of KIF3AC and kinesin-1,
and this run length was significantly greater than the run length
published previously (76, 77).

Guzik-Lendrum et al. (67) proposed that for each of the kine-
sin-2 motors studied, the significant difference in the run
lengths observed was due to inclusion of native helix �7 to
initiate the correct start of the coiled-coil. These studies clearly
showed that in single-molecule assays without a hindering load,
KIF3AC and KIF3AB were highly processive (Table 1).

Structural studies show that the coiled-coil predictions
were not accurate

The concept of neck-linker length is inevitably tied to the
question of the location of the start of the coiled-coil. Phillips et
al. (80) initiated a comprehensive structural study to address
this question using X-ray crystallography. The assumption has
been that coiled-coil algorithms such as COILS (a position-
specific scoring matrix model) or MARCOIL (a Hidden Markov
Model) were good predictors of coiled-coil domains (81, 82).
The original estimates of the kinesin neck-linker length
assumed that the coiled-coil would begin on a hydrophobic
residue in either the a or d position of the coiled-coil heptad
repeat (83). Yet, predictions of the first residue to adopt a helical
conformation in any coiled-coil are ambiguous, although these
algorithms do recognize the heptad repeat within a coiled-coil
domain. As Phillips et al. (80) showed, the beginning of the
coiled-coil in kinesin-2 was much more difficult to predict than
that of kinesin-1.

There are two structures for a dimeric N-terminal kinesin,
rat kinesin-1 (PDB code 3KIN) and Drosophila kinesin 1 (PDB
code 2Y5W), and these provided the true �7 start and neck-
linker length in the context of a dimeric kinesin (84, 85). Phillips
et al. (80) determined seven X-ray crystal structures of kinesin
homodimers without their motor domains but included the
neck-linker motif followed by helix �7 that is the start of the
coiled-coil stalk. Although the prediction of kinesin-1 was

Table 1
ATPase scheme and experimentally determined constants
Constants were reported previously in Ref. 67, 88 –90. MT is microtubule; mant-
ATP is 2�-(or 3�)-O-(N-methylanthraniloyl)-ATP.
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accurate with helix �7 beginning at Ala-345, those for KIF3A,
KIF3C, Eg5, and CENP-E were predicted inaccurately (Fig. 3A).
The predictions suggested that the kinesin-2 helix �7 would
begin at Leu-360 in KIF3A and Leu-382 in KIF3C, yet in the
crystal structures helix �7 begins five residues earlier at Pro-355
and Pro-377 in KIF3A and KIF3C, respectively. Therefore, the
neck linker is shortened from 17 residues to 12 residues, thus
shorter than the neck linker of kinesin-1 at 14 residues. The
crystal structures of both Eg5 and CENP-E reveal much shorter
neck linkers than predicted (80). Helix �7 of Eg5 begins at Lys-
371 instead of Ile-375, thus shortening the neck linker from the
predicted 18 residues to 14 residues. Moreover, the coiled-coil
of CENP-E begins at Asp-341 rather than Leu-345 resulting in a
neck linker that is 14 residues rather than 18 residues as pre-
dicted. Structures of KIF17 have not yet been determined, but
as Fig. 3A shows, the sequence of the KIF17 neck linker and
helix �7 are almost identical to those of KIF3A, KIF3B, and
KIF3C, suggesting that its coiled-coil will also begin at the pro-
line of PKDAL as determined for KIF3A and KIF3C.

These results provided evidence that neck-linker length in
the context of the native sequence did not determine pro-
cessivity. Moreover, this study reinforced the importance of
conjoining the native sequences of both the native neck linker
and helix �7 for engineered constructs to study the motile
properties of kinesin family members (80). In addition, the
structural study by Phillips et al. (80) revealed similar dispari-
ties in the coiled-coil predictions for a wide variety of non-
motor proteins in the Protein Data Bank.

Andreasson et al. (86) clarified the run length debate using
full-length kinesin-2 motors expressed in Sf9 cells. Using full-
length KIF3AB motors, the authors showed that the run lengths
in the absence of hindering load were quite long and ap-
proached run lengths of kinesin-1. However, against any appre-
ciable external hindering load (�1 pN), stepping was disrupted
and the processive run terminated. This study was critically
important because it framed the run length discussion in
the context of response to hindering load separated from
unloaded processivity. Moreover, the authors (86) stated that
there was no evidence that force sensitivity was encoded in the
neck linker. In addition, Milic et al. (87) reported that kinesin-2
KIF17 continues to step under a 6-pN hindering load, whereas
KIF3AB detaches from the microtubule at these conditions.
Note that the neck-linker motif of KIF17 is almost identical in
sequence to that of KIF3A and KIF3B (Fig. 3A), thereby weak-
ening the argument that kinesin-2 motors are inherently less
processive than other processive kinesins because of the neck-
linker length.

Presteady-state kinetics reveal unexpected properties of
heterodimeric KIF3AC and KIF3AB

The unusual response to force by heterotrimeric kinesin-2 in
combination with the series of publications about the role of
neck-linker length in processivity motivated a comprehensive
analysis of KIF3AC and KIF3AB using presteady-state kinetics
methodologies (stopped-flow and chemical quench flow) to
probe the ATPase cycle (88 –90). The KIF3 constructs used to
generate the kinesin-2 motors included the native motor
domain, neck linker, and helix �7 followed by a dimerization

motif to stabilize the helix �7 coiled-coil (67, 88). The steady-
state ATPase parameters were consistent with the predictions
from the single-molecule results (Table 1). What was surprising
from these initial studies was that KIF3AB and KIF3AC were
similar in their single-molecule velocity as well as the velocities
of homodimeric KIF3AA and KIF3BB. However, the single-
molecule velocity of homodimeric KIF3CC was exceptionally
slow at 7.5 nm/s with the steady-state kcat at 1.1 s�1. These
initial results led the authors (67) to propose that KIF3AA and
KIF3BB were intrinsically fast in comparison with KIF3CC, and
thus, during stepping KIF3A accelerates KIF3C and KIF3C
slows KIF3A.

Entry into the processive run

To pursue mechanistic studies, the experiments were
designed based on the ATPase cycle in Fig. 2A and Table 1
(88 –90). The series of experiments for entry into the processive
run (Fig. 2, E0 –E1) revealed that microtubule association for
KIF3AC and KIF3AB was similar at �7 �M�1 s�1 followed by
ADP release for KIF3AC at 51 s�1 and for KIF3AB at 33.5 s�1

(Table 1). In contrast, these constants for KIF3AA and KIF3BB
were significantly faster at �11–13 �M�1 s�1 with ADP release
also fast at �80 s�1, yet the parameters for KIF3CC were very
slow with microtubule association at 2.1 �M�1 s�1 and ADP
release at 7.6 s�1. These results reinforced the conclusion that
KIF3AA and KIF3BB are both catalytically fast and similar to
each other, yet KIF3CC is intrinsically extremely slow (67, 86).

Additional experiments were pursued to test the hypothesis
that the rate constant for microtubule association was a func-
tion of heterodimerization of KIF3AB and KIF3AC rather than
the intrinsic properties of each motor domain. The microtu-
bule association experiments were repeated with mixtures of
KIF3AA � KIF3BB or KIF3AA � KIF3CC at the same motor
concentration as KIF3AB or KIF3AC. The results clearly
showed that regardless of the mixture composition, the
KIF3AB transient could not be recapitulated by any sum of
KIF3AA � KIF3BB, and similarly the KIF3AC transient could
not be captured by mixtures of KIF3AA and KIF3CC (89, 90).
The authors concluded by proposing that although the pro-
cessive run may begin by either KIF3A or KIF3B/KIF3C, the
kinetics observed were an emergent property due to intermo-
lecular communication within the heterodimer rather than the
intrinsic catalytic capability of each motor head.

One important conclusion resulting from these studies is
that the catalytic properties of KIF3AB and KIF3AC are well
suited for cargo transport where they may readily detach from
the microtubule track. Because the microtubule association
constants are so high, there would be a high probability of
motor rebinding the microtubule rapidly. The rate of rebinding
of KIF3–ADP is determined by the local microtubule concen-
tration, which was estimated previously at �1 mM near the
microtubule lattice (91). Therefore, as long as KIF3AB or
KIF3AC remain in close proximity to the microtubule lattice,
the rebinding rate would be �7,000 s�1 resulting in a very short
detachment time, �143 �s. The authors concluded that het-
erodimeric KIF3AB and KIF3AC are optimized for rapid
rebinding to the microtubule to continue transport of their car-
goes (89, 90).
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ATP binding and ATP hydrolysis

The second-order rate constant for ATP binding was mea-
sured by preforming the microtubule– kinesin complex and
rapidly mixing with the fluorescent analog mant-ATP in the
stopped-flow instrument (Fig. 2A, E1–E2). The results showed
that this constant is quite fast for KIF3AB, KIF3AC, KIF3AA,
and KIF3BB yet is significantly slower for KIF3CC (Table 1)
(88 –90, 92). Pulse-chase experiments using the chemical
quench-flow instrument revealed that the rate constant for the
ATP-promoted isomerization that occurs after ATP binding
was similar for both KIF3AC and KIF3AB at �82 s�1 (88, 89).
The ATP-promoted isomerization has traditionally been
viewed as representing the series of structural transitions that
include neck-linker docking and orientation of the active-site
residues around MgATP to form the intermediate poised for
ATP hydrolysis (71, 93–95).

When ATP hydrolysis was measured directly, the rate con-
stant for KIF3AC was determined at 69 s�1. The authors con-
cluded that the constants for ATP binding and ATP hydrolysis
were not limiting the single-molecule rate of stepping for
KIF3AC at 186 nm/s or 23 s�1 per 8-nm step (89). In contrast,
the rate of ATP hydrolysis determined for KIF3AB was 33 s�1,
but the amplitude of the burst indicated that there were three
ATP turnovers per active site collapsed into one (88). There-
fore, the ATP hydrolysis constant must be significantly faster as
pointed out by Chen et al. (92). Andreasson et al. (86) modeled
the ATP-promoted transition for KIF3AB, including neck-
linker docking at a very fast rate, �500 s�1, with much slower
ATP hydrolysis at �80 s�1. Because ATP binding followed by
the ATP-promoted structural transitions are coupled with ATP
hydrolysis, these are linked where one is fast and the other is
slow. Experimentally, the slow step is quantified, but its identity
cannot be determined from the experiments. Therefore, both
the presteady-state kinetics and the load-dependent single-
molecule experiments identify a rate-limiting transition for
stepping at �80 s�1 and a very fast rate that was not limiting the
ATPase cycle (86, 89, 90, 92).

Andreasson et al. (86) also reported that the run length was
more sensitive to load than the velocity of stepping, leading to
the hypothesis that the KIF3AB load-dependent processivity
could result from a faster dissociation from the one-head–
bound state or slower binding of the tethered head under load
or both (Fig. 2B, E2–E5). This would imply that relative to kine-
sin-1, the strict coordination of the ATPase cycle for KIF3A and
KIF3B is not well maintained resulting in motor detachment
from the microtubule at hindering loads as low as �1 pN (86).

Is kinesin-2 processivity controlled by front-head or
rear-head gating?

Processive stepping continues because the chemical and
structural transitions on one head are inhibited until the part-
ner head proceeds through its mechanochemical cycle (Fig. 2).
The front-head gating model proposes that when both heads
are bound to the microtubule (Fig. 2A, E5), ATP binding on the
front head is inhibited until ATP hydrolysis occurs on the lag-
ging head, followed by phosphate release, and motor head
detachment (Fig. 2A, E5–E1) (23, 96 –98). This model previ-

ously posited that strain within the two-head bound state inhib-
ited the ability of ATP to bind at the active site of the front head.
However, more recently, Dogan et al. (29) have shown for kine-
sin-1 that it is not strain per se but the backward orientation of
the front head neck linker. As Fig. 2, A and B, shows when both
heads are bound to the microtubule, the front head’s neck
linker is undocked and pointed backward, whereas the neck
linker of the rear head is docked onto the catalytic core pointed
to the plus-end of the microtubule.

In contrast, the rear-head gating model (Fig. 2B) proposes
that binding of the front head accelerates detachment of the
trailing head from the microtubule (99, 100). More recently, the
rear-head gating model has been refined to propose that ATP
hydrolysis at E2–E3 (Fig. 2B) occurs while the ADP head is in its
diffusional search to find its next microtubule-binding site (Fig.
2B, E3–E5). Therefore, it becomes a kinetic race for the ADP
head to step forward, bind to the microtubule, and release ADP
before phosphate release from the bound head occurs to form
an ADP weak-binding state (28, 31, 101). These two models are
not necessarily mutually exclusive of each other, thus making it
difficult to design definitive experiments that distinguish one
model from the other especially for KIF3AB and KIF3AC (33,
86, 87, 92).

The rear-head gating model has been difficult to test because
it requires capturing the transient intermediate states during
the ATPase cycle. To tackle this question, Mickolajczyk and
Hancock (33) have used a new imaging method designated
“iSCAT,” in which interference reflection dark-field micros-
copy in combination with laser illumination is able to achieve
extremely high spatial (nanometer) and temporal (�1 ms) res-
olution of unloaded kinesin motility. A 30-nm gold particle was
attached to one head of the KIF3AA– kinesin-1 hybrid motor
resulting in nanometer precision for tracking steps (33). The
authors argue that they can distinguish one-head versus two-
head bound states and can manipulate the kinetics of each state
using KIF3AA– kinesin-1 hybrid motors with different length
neck linkers. The authors propose that greater processivity is
correlated with faster attachment of the tethered head prior to
detachment of post-ATP hydrolysis one-head vulnerable
ADP–Pi state (Fig. 2B, E2–E4). Therefore, processivity is main-
tained through a race for tethered head attachment at its next
microtubule-binding site before the one-head bound E3
ADP–Pi intermediate detaches from the microtubule (Fig. 2B).
These experiments are technically challenging and depend on
ATP analogs and neck-linker insertions to specifically affect the
duration of the one-head bound state but not the two-head
bound state. Moreover, it is difficult to reconcile this new model
with high resolution X-ray crystallography and cryo-electron
microscopy studies (27, 102). These structures indicate that
ATP binding induces a large structural change within the cata-
lytic motor domain that drives docking of the neck linker and
therefore immediately results in a forward step.

The recent publications in support of the rear-head gating
model will no doubt motivate the motility field to design new
types of experiments with technological advances to provide
additional support for the front head and/or rear head models.
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Concluding remarks and outstanding questions

Kinesin-2 KIF3AB and KIF3AC are fascinating molecular
motors especially when one considers how similar their cata-
lytic motor domain sequences are to each other and to kine-
sin-1. Outstanding questions include how is force sensitivity
encoded structurally for kinesin-2s and whether the response
to force by KIF3AC is similar to KIF3AB and therefore a key
principle for kinesin-2s. Although there is a much greater
understanding of the behavior of heterotrimeric kinesin-2 in
intraflagellar transport, there are significant gaps in our under-
standing of KIF3AC transport in neurons. For example, its
adaptors for linkage to cargo have yet to be identified as well as
the identity of the KIF3AC-specific dendritic organelles. More-
over, the catalytic properties of KIF3C remain puzzling. Why is
KIF3C so slow and how is this property encoded? Finally, we do
not yet know whether KIF3AB and KIF3AC read the tubulin
code differently for selective transport to axons versus den-
drites (12, 38, 103). There are many discoveries ahead waiting
for novel experiments and innovative technologies.
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This 11th Thematic Metals in Biology Thematic Series deals
with copper, a transition metal with a prominent role in bio-
chemistry. Copper is a very versatile element, and both deficien-
cies and excesses can be problematic. The five Minireviews in
this series deal with several aspects of copper homeostasis in
microorganisms and mammals and the role of this metal in two
enzymes, copper-only superoxide dismutase and cytochrome c
oxidase.

This 11th Thematic Series in Metals in Biology (1–10) deals
with copper, an essential metal in mammals. As in the case of
iron, the subject of the last Metals in Biology series (10), copper
is a transition metal that is essential but can also be toxic,
depending upon the concentration (11). Copper has unique
properties and is specifically needed in a number of enzymes,
including dopamine �-hydroxylase and other redox enzymes
(12–14). Two important enzymes considered here are superox-
ide dismutase and cytochrome c oxidase (15, 16). High concen-
trations of labile copper are problematic in terms of oxygen
toxicity, as in the case of free iron (11), but emerging data reveal
contributions of dynamic copper pools to physiological signal-
ing (17).

We have had Minireviews on aspects of copper biochemistry
before (18 –23) but not a complete Thematic Series. For this
Metals in Biology series, we selected several areas of current
interest in research with copper.

We begin the series with methanotrophic bacteria and
methanobactins in the Minireview by Kenney and Rosenzweig
(24). One of the needs for copper in these bacteria is for the
copper prosthetic group of particulate methane monooxyge-
nase, a major factor in the methane “economy” on the planet.
Some methanotrophs use the copper-binding metallophore
methanobactin. Methanobactins are peptidic natural products,
produced by ribosomal synthesis and then post-translationally
modified. These methanobactins have very high affinity for CuI

and also bind CuII reductively. The machinery to biosynthesize
methanobactins is encoded by operons, and several novel
enzymes are involved. Methanobactins are exported via a
MATE family multidrug efflux pump, followed by re-internal-

ization by a TonB-dependent transporter. Release of copper
from methanobactins and the copper-dependent regulation of
the pathways involved in methanobactin synthesis, processing,
and transport remain unresolved. Methanobactins are also
under investigation as therapeutics for diseases of copper
metabolism. An open area of research involves the finding that
methanobactin operons are also found in non-methanotrophs,
where their function has not been established, but is likely also
related to copper homeostasis.

The next Minireview in our Thematic Series (25) picks up
with bacteria and methanobactin. While trying to find metha-
nobactin within a methanotroph, Dennison’s group discovered
a new family of copper storage proteins, the Csp group. Csp1
has 13 cysteines, none of which are in the form of disulfides, and
can bind up to 13 CuI ions. All of these are found along the core
of its four-helix bundle monomer in an unprecedented arrange-
ment. Methylosinus trichosporium OB3b Csp1 and Csp3 are
homologous; both are tetramers, but Csp3 can bind up to 20
CuI atoms per monomer. They have similar average CuI affini-
ties but differ considerably in CuI removal rates. Csp3 is cyto-
solic, and Csp1 is exported. Copper-regulated Csp1 is isolated
from M. trichosporium OB3b with copper bound, and gene
deletion has a detrimental effect on methane oxidation by the
particulate methane monooxygenase. Thus, Csp1 acts as a
store of copper for this enzyme. The exact functions of the more
widespread and common cytosolic Csp3 proteins are yet to be
delineated, but in vitro data and emerging in vivo evidence are
all consistent with a role in copper storage while preventing
toxicity. Possible links of the Csp proteins to pathogenicity are
also discussed in this Minireview.

The third Minireview, by Ackerman and Chang (26), extends
the discussion of copper homeostasis to mammals. The
authors’ laboratory has been involved in developing new probes
for tracking copper in mammalian cells and tissues (27). Mam-
malian copper homeostasis involves proteins such as the trans-
porter CTR1, chaperones (Atox1), and the storage protein met-
allothionein. New evidence indicates that not all copper is
tightly sequestered and that kinetically accessible pools of cop-
per exist that are not tied up in enzyme active sites and can be
mobilized following stimuli. Imaging has shown copper trans-
location upon neural stimulation. In addition to the effects of
copper signaling in neurotransmission and in learning and
memory, copper has also been shown to influence circadian
rhythm. Copper interacts directly with prion, amyloid precur-
sor, and huntingtin proteins, as well as superoxide dismutase,
and may have roles in neurodegenerative diseases. In addition,

The author declares that he has no conflicts of interest with the contents of
this article.

1 To whom correspondence should be addressed: Dept. of Biochemistry, Van-
derbilt University School of Medicine, 638B Robinson Research Bldg., 2200
Pierce Ave., Nashville, TN 37232-0146. Tel.: 615-322-2261; Fax: 615-343-
0704; E-mail: f.guengerich@vanderbilt.edu.

MINIREVIEW PROLOGUE

J. Biol. Chem. (2018) 293(13) 4603–4605 4603
© 2018 Guengerich Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

mailto:f.guengerich@vanderbilt.edu


mammalian immune systems utilize copper to prevent micro-
bial growth. A copper exporter (ATP7A) in macrophages
moves to the phagosomal membrane in response to infectious
stimuli, and manipulating labile copper within immune cells
may be a therapeutic possibility. Copper has also been studied
in cancer, as a regulator of tumor cell proliferation, with the
involvement of mitogen-activated protein kinase (MAPK),
BRAF, V600E, MEK1/2, and ERK1/2 proteins. Finally, dysregu-
lation of lipid metabolism is a symptom of copper deficiency or
overload, and copper has been identified as an allosteric regu-
lator of phosphodiesterase 3, which controls lipolysis in adi-
pocytes. Cys-768 is distant from the active site but binds cop-
per, and this allosterically regulates enzymatic activity.

Our last two Minireviews deal with copper in important
enzyme systems, superoxide dismutase (SOD)2 and cyto-
chrome c oxidase (COX) (15, 16). Superoxide dismutase was
originally discovered by McCord and Fridovich in 1969 as a
Cu/Zn enzyme (28) but there are versions known to use other
metals (e.g. iron, manganese, nickel). Very recently, a new class
of “copper-only” SODs has been identified in mycobacterium,
fungi, and fungus-like oomycetes, as discussed in the fourth
Minireview by Robinett, Peterson, and Culotta (15). The
eukaryotic copper-only SODs are strictly extracellular; they
lack both the zinc group and the electrostatic loop for substrate
guidance that are hallmarks of Cu/Zn-SODs. Nevertheless, the
copper-only SODs still catalyze the disproportionation of
superoxide with diffusion-controlled efficiency. Copper-only
SOD sequences are not just SOD enzymes but also occur in
animals as repeated protein domains in large molecules called
Cu-SOD–repeat proteins (CSRPs).

The last Minireview in the series, by Jett and Leary (16), dis-
cusses some aspects of the assembly of COX, a protein with two
copper sites composed of three copper atoms (because of the
mononuclear CuB site and the binuclear CuA site), essential for
life. The assembly of this multimeric protein, coded for by both
nuclear and mitochondrial genomes, involves several proteins.
In terms of function, the CuA site accepts electrons from cyto-
chrome c, and subsequent electron transfer to the heme a (iron)
and then the heme a3 (iron)–CuB metal centers of COX1 are
involved in the reduction of molecular oxygen to water. The
individual structural subunits of COX are matured and assem-
bled in modules, specific to COX1, COX2, and COX3. Holoen-
zyme assembly requires a large number of COX assembly fac-
tors. Deficiencies of any of these result in death or serious
diseases in humans. As an example of the complexity of the
systems, the proteins COA6, SCO1, and SCO2 form a metal-
lochaperone module that interacts with the COX20 –COX2
complex just to add copper to the CuA site, with the CuI coming
from a labile pool housed in the mitochondrial matrix (29, 30).
This process involves four stages, including export of the N-ter-
minal tail of COX2 into the intermembrane space association of
COX20 with COX2 during membrane insertion (for stabiliza-
tion), COX18 release from the COX20 –COX2 complex
accompanied by recruitment of the SCO1/SCO2/COA6 metal-
lochaperone module, and finally reduction of two cysteinyl sul-

furs of COX2 with SCO1 inserting two CuI ions into the CuA

site (16).
A good review not only answers questions but also identifies

new ones to be addressed. In this Thematic Series, there are
many things left to know, and I will touch on only some of the
questions I had after reading. How are the precursor peptides
processed to generate methanobactins (24)? New knowledge
about the enzymes involved in other peptide post-translational
modifications is becoming available (31, 32). Why are metha-
nobactin-like genes found in non-methanotrophs? What are
the functions of bacterial cytosolic copper storage proteins
(Csp3s) (25)? Why do bacteria store copper in the cytosol when
they are not thought to possess copper enzymes in this cellular
compartment? Is there more to learn about copper and viru-
lence in mammalian hosts? What are the origins of some of the
copper signals seen in mammals (26)? Do changes in redox state
trigger mobilization of copper signals? Can new imaging tech-
nologies be harnessed to provide more effective disease thera-
pies? How much do copper issues contribute to diseases such as
neurodegeneration, infection, obesity, and cancer? With regard
to SODs, what are the Cu-SOD–repeat proteins doing in ani-
mals without lungs (15)? Have all of the accessory proteins for
cytochrome oxidase assembly been identified (16)? Are the
sequential order and timing of events in cytochrome oxidase
assembly critical? What is the role of redox states— both copper
and thiols—in cytochrome oxidase assembly? How are pools of
“available” copper regulated and used in prokaryotes (24, 25)
and eukaryotes (16, 26)? Perhaps we can revisit progress toward
these and other questions in a future Metals in Biology The-
matic Series.

The authors and I hope that you enjoy reading this Thematic
Series. We have begun to plan the next Metals in Biology, the
theme of which will be determined soon.

Acknowledgments—Thanks are extended to K. Trisler for assistance
in preparing the manuscript and to the authors of the five Minireviews
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Methanobactins (Mbns) are ribosomally produced, post-
translationally modified natural products that bind copper with
high affinity and specificity. Originally identified in metha-
notrophic bacteria, which have a high need for copper, operons
encoding these compounds have also been found in many non-
methanotrophic bacteria. The proteins responsible for Mbn
biosynthesis include several novel enzymes. Mbn transport
involves export through a multidrug efflux pump and re-inter-
nalization via a TonB-dependent transporter. Release of copper
from Mbn and the molecular basis for copper regulation of Mbn
production remain to be elucidated. Future work is likely to
result in the identification of new enzymatic chemistry, oppor-
tunities for bioengineering and drug targeting of copper metab-
olism, and an expanded understanding of microbial metal
homeostasis.

Transition metals are key cofactors in metabolically impor-
tant enzymes across all kingdoms of life (1). Nevertheless, care-
ful control of cellular metal levels is required; a cellular surplus
can limit viability due to oxidative stress (2), but metal starva-
tion can also be fatal. Investigations of metal influx during con-
ditions of metal scarcity have often been limited to iron, which
is poorly bioavailable under aerobic conditions (3). Iron-chelat-
ing natural products (siderophores) are secreted by many spe-
cies, and iron from siderophores is incorporated into the cellu-
lar iron pool after re-internalization (4). Although efflux has
historically dominated studies of non-iron homeostasis, there is
increasing evidence that similar systems exist for uptake of
other metal ions (5, 6). One of the best-understood examples is
methanobactin (Mbn),2 a natural product involved in copper
homeostasis in methanotrophic bacteria.

Methanotrophic bacteria oxidize methane to methanol in
the first step of their metabolism (7). Two unrelated metalloen-
zymes catalyze aerobic methane oxidation (8): the cytoplasmic
iron enzyme soluble methane monooxygenase (sMMO) and
the more widespread copper enzyme particulate methane
monooxygenase (pMMO), a integral inner membrane protein.
Some methanotrophic bacteria can produce both enzymes, but
whenever sufficient copper is present, sMMO is down-regu-
lated and pMMO is preferred (9). In the presence of copper,
methanotrophs produce extensive intracytoplasmic mem-
branes (10, 11). These membranes contain large quantities of
pMMO, representing up to a fifth of the cellular protein mass
(12). pMMO activity is copper-dependent (13), and metha-
notrophs thus have several systems for copper influx alongside
the better-understood efflux systems of other microbes (14).
Some methanotrophs secrete the post-translationally modified
protein MopE to bind extracellular copper (15), whereas other
methanotrophs use the copper-binding “chalkophore” (from
the Greek chalko-, copper) Mbn to mediate copper uptake into
the intracellular copper pool (16, 17). Mbns are ribosomally
produced, post-translationally modified natural products
(RiPPs) (18). Operons encoding Mbn precursor peptides along
with proteins involved in Mbn biosynthesis, transport, and reg-
ulation have been identified in a range of bacteria, including
non-methanotrophs, in which Mbn is increasingly believed to
play a similar role in copper homeostasis (19, 20). Here, we
summarize the current state of knowledge regarding Mbns.

Mbn structures

The crystal structure of copper-loaded Mbn (CuMbn) from
Methylosinus (Ms.) trichosporium OB3b was assigned as N-2-
isopropylester–(4-thionyl-5-hydroxy-imidazole)–Gly1–Ser2–
Cys3–Tyr4–pyrrolidine–(4-hydroxy-5-thionyl-imidazole)–
Ser5–Cys6–Met7, with a disulfide bridge between the two
cysteine residues (17). In this structure, two hydroxyimidazo-
late rings and neighboring thioamide groups coordinate a cop-
per ion in a distorted tetrahedral geometry. Re-analysis by
NMR provided two key corrections: the heterocycles are
instead oxazolone rings, and the “N-terminal” group is actually
a 3-methylbutanoyl group (Fig. 1A) (21). These oxazolone rings
(and in some circumstances other nitrogen-containing hetero-
cycles) and neighboring enethiol/thioamide groups are the core
Mbn post-translational modifications. Oxazolone rings contain
an acid-labile lactone moiety, and Mbn is thus susceptible to
acid-catalyzed methanolysis (21) and hydrolysis (22). The
C-terminal methionine is sometimes absent (23), although it is
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unclear when and how this residue loss occurs. The structure of a
second Methylosinus Mbn, Ms. sp. LW4 Mbn, was predicted based
on its Mbn operon content; despite an otherwise divergent pep-

tidic backbone, this Mbn has two oxazolone/thioamide pairs, an
internal disulfide bond, and an N-terminal ketone group, as
observed in Ms. trichosporium OB3b Mbn (Fig. 1B) (24).

Figure 1. Structures of copper-bound Mbns. In all structures, residues that are sometimes absent are denoted in gray. Additional C-terminal residues appear
to be lost in all Methylocystis Mbns (20). A, Ms. trichosporium OB3b CuMbn crystal structure and chemical structure. Both heterocycles are oxazolones (labeled
OxaA and OxaB). B, Ms. sp. LW4 CuMbn chemical structure. As with Ms. trichosporium OB3b CuMbn, both heterocycles are oxazolones (labeled OxaA and OxaB).
C, Mc. sp. SB2 CuMbn chemical structure. Heterocycle A has been described as an imidazolone (labeled ImiA), whereas heterocycle B is an oxazolone (labeled
OxaB). D, Mc. hirsuta CSC1 CuMbn crystal structure and chemical structure. Heterocycle A has been depicted as a pyrazinediol (labeled PyrA), whereas hetero-
cycle B is an oxazolone (labeled OxaB). E, Mc. rosea SV97 CuMbn chemical structure. Heterocycle A has been depicted as a pyrazinediol (labeled PyrA), whereas
heterocycle B is an oxazolone (labeled OxaB). F, Mc. sp. M CuMbn crystal structure and chemical structure. Heterocycle A has been depicted as a pyrazinediol
(labeled PyrA), whereas heterocycle B is an oxazolone (labeled OxaB). G, possible identities for heterocycle A in Methylocystis Mbns. Hydroxypyrazinone and
pyrazinedione tautomers are potentially consistent with the observed crystal structures and NMR data.
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CuMbn from Methylocystis (Mc.) sp. SB2, characterized by
NMR, was reported to have a divergent peptidic backbone, no
cysteine-derived disulfide bond, and a sulfonated threonine as
well as two heterocycle/thioamide moieties (Fig. 1C) (22). Sev-
eral C-terminal residues are lost in the characterized com-
pound (20). The first “N-terminal” heterocycle (heterocycle A)
was deemed an imidazolone ring based on an NMR-detectable
secondary amine embedded in that heterocycle (22). The sec-
ond heterocycle (heterocycle B) is an oxazolone, as in Ms
trichosporium OB3b Mbn. Two additional Mbns from the
Methylocystis species have been characterized via X-ray crys-
tallography and a third closely related Mbn via mass spectrom-
etry (Fig. 1, D–F). Although these Mbns differ from Mc. sp. SB2
Mbn by only one or two residues, heterocycle A is clearly a
six-membered ring, depicted as a pyrazinediol group (25).
Given that the Methylocystis species are closely related, the
structural discrepancy in heterocycle A is puzzling (20). One
explanation is that Methylocystis Mbns may actually contain a
hydroxypyrazinone or pyrazinedione tautomer (Fig. 1G), which
would contain a heterocyclic secondary amine, as observed by
NMR, and the six-membered rings observed via X-ray crystal-
lography. Supporting this notion, the non-copper-chelating
nitrogen in heterocycle A in the Methylocystis Mbn crystal
structures appears to be protonated (24). Thioamide/enethiol
tautomerization may also occur, depending on ionic state, cop-
per chelation, and the identity of the neighboring heterocycle.

The paired heterocycles and thioamides found in all these
Mbns have characteristic spectral features. Oxazolone B
absorbs at 340 –342 nm, whereas heterocycle A absorbs at 388 –
394 nm (22, 24 –26). Fluorescence is observed at 375– 475 nm
with excitation at the heterocycle-associated absorbance max-
ima (26, 27). Absorbance features from tyrosines or trypto-
phans are also observed for the two Methylosinus compounds,
and a feature at 254 nm may be related to the thioamide/ene-
thiol groups. Major spectral shifts occur upon copper binding
(22, 27), and oxazolone-derived fluorescence is mostly abol-
ished (26 –28).

Mbns as metallophores

Mbns have a high affinity for copper in both oxidation states.
Values vary significantly by measurement technique (28), but
the broad consensus is that characterized Mbns have Cu(I)-
binding constants of at least 1020–1021 M�1 (23, 25, 28, 29).
Structural modifications beyond the first coordination sphere
such as loss of C-terminal residues or desulfonation of the thre-
onine in Methylocystis Mbns slightly affect copper affinity (23,
25). The Cu(I) affinity is high enough that Mbn can liberate
bio-unavailable copper from sources ranging from humic acids
(30) to minerals (31) to borosilicate glass (32, 33). Although
Mbns bind Cu(II) with lower affinity, generally calculated to be
1011–1014 M�1 (25), binding is reductive, with conversion to
Cu(I) within the first 10 min via an unknown mechanism, as
confirmed by electron paramagnetic resonance and X-ray
absorption spectroscopies (27, 29, 34, 35). Under superstoichio-
metric copper conditions, a second copper binds, albeit with
lower affinity and without reduction (29). Other stoichiome-
tries are also observed under some conditions (29).

Like other metallophores, Mbns can bind additional metal
ions. Harder metals, including Cd(II), Co(II), Fe(III), Mn(II),
Ni(II), and Zn(II), bind Mbn poorly and sometimes as bis-
chelates or as dimetallated compounds, and no reductive bind-
ing is observed (36). Softer metals such as Ag(I), Au(III), Hg(II),
Pb(II), and U(VI) bind single Mbn molecules with a 1:1 stoichi-
ometry. Recent ion-mobility mass spectrometry experiments
complicate this classification of Mbn–metal interactions,
although further spectroscopic analysis may be necessary to
confirm these results (37). Nevertheless, binding of softer met-
als is consistently of higher affinity, results in spectral features
resembling those of CuMbn, and can be reductive for at least
Au(III), Ag(I), and Hg(II) (36). Relative binding affinities show
some pH dependence (36, 37). However, reported binding con-
stants for these metals are approximately 5 orders of magnitude
lower than that for Cu(II) and 15 orders of magnitude lower
than that for Cu(I) (36). Despite this lower affinity, spectro-
scopic data suggest that bound Au(III), Ag(I), and Hg(II) are not
readily displaced by copper (38, 39). Metal binding has only
been investigated extensively for Ms. trichosporium OB3b and
Mc. sp. SB2 Mbns, but there are indications that relative affin-
ities for metals other than copper may vary by Mbn (39).

Mbn operons

The peptidic Mbn backbone was originally thought to be the
result of non-ribosomal peptide synthesis (40, 41). However, a
short open reading frame encoding a 30-amino acid peptide
with 11 C-terminal residues resembling the Mbn backbone was
identified in the Ms. trichosporium OB3b genome, suggesting a
ribosomal origin (22), and disruption of this open reading frame
abrogated Mbn production (42). Bioinformatic analyses identi-
fied related genes with similar genomic neighborhoods in other
species (43), with 18 operons identified in 16 species by 2013
(19). To date, 74 Mbn operons have been found in 71 species,
with Mbn operons in methanotrophs forming a minority (Fig.
2A) (20). No Mbn operons are found in �-proteobacterial
methanotrophs; their reported Mbns may be other metallo-
phores (19, 35).

Mbn operon content varies considerably. Only three genes
are found in all operons: mbnA encoding the precursor peptide,
and mbnB and mbnC encoding hypothetical proteins with pro-
posed roles in Mbn biosynthesis (19). Genes for membrane pro-
teins related to Mbn import (TonB-dependent transporters)
and export (MATE multidrug export proteins) are found in
many but not all operons. Beyond MbnB and MbnC, several
groups of operons encode other biosynthesis proteins, includ-
ing aminotransferases, predicted dioxygenases, flavoenzymes,
sulfotransferases, and distant MbnB homologues, although
none of these genes are widespread among Mbn operons.

Phylogenetic analysis of MbnA, MbnB, and MbnC yields six
major Mbn subgroups (Fig. 2B); these groups are also easily
distinguished by their varying operon content (19) (Fig. 2A).
Groups I, IIa, and IIb are found exclusively in �-proteobacterial
methanotrophs belonging to the Methylosinus and Methylocys-
tis genera, and groups III–V are found in non-methanotrophs
(Fig. 2B). Group III operons are present in various proteobac-
teria, particularly Cupriavidus and Pseudomonas species.
Group IV operons are found exclusively in Komagataeibacter/
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Gluconacetobacter and related genera. Group V operons are
found in a diverse range of species, including non-metha-
notrophic proteobacteria as well as Gram-positive Streptomy-
ces species and even a Chlamydiales strain (20).

Biosynthetic pathway of Mbns

RiPPs originate as larger precursor peptides, containing both
a “core” peptide, which is the basis for the final natural product,
as well as “leader” peptide sequences that mediate interactions
with biosynthetic enzymes and are lost during maturation (18).
The MbnA precursor peptides are 22–35 amino acids in length
(19, 20). Almost all MbnA leader peptides contain several pos-
itively charged residues and a hydrophobic patch; group V
MbnAs also have negatively charged residues. The core pep-
tides are more variable. The copper-binding oxazolones and
thioamides derive from post-translationally modified cysteines
(22), and only these cysteines are universal in core peptides (19).
Not all cysteines in MbnAs are modified. A specific peptide
sequence triggers modification: the target cysteine is followed
by a small, often hydrophobic residue (alanine, glycine, or occa-
sionally serine) and then a slightly larger, mildly hydrophilic
residue (particularly serine and threonine) (19). Unmodified
cysteines may form disulfide bonds, as in Ms. trichosporium
OB3b and Ms. sp. LW4 Mbns (17, 24).

The primary candidate proteins for oxazolone and thioamide
biosynthesis are MbnB and MbnC (19). Neither belongs to a
characterized protein family, although both are likely to be
cytoplasmic, and MbnB is predicted to be a TIM barrel protein,
with the closest characterized families comprising xylose
isomerases and endonuclease IV enzymes. In some RiPP bio-
synthesis enzymes, a conserved RiPP recognition element
(RRE) mediates enzyme–peptide interactions (44), but no RRE
elements are found in MbnB, MbnC, or any other putative Mbn

biosynthesis enzyme. Nevertheless, genes encoding MbnB and
MbnC are present in all Mbn operons (Fig. 2A) as a translation-
ally coupled pair (20). No other biosynthesis proteins are uni-
versally present, and although a handful of other natural prod-
ucts contain oxazolone or thioamide groups, no homologues
for any genes involved in biosynthesis of those compounds can
be found in Mbn operons.

Genes in some Mbn operons have other predicted biosyn-
thetic roles, and all appear to encode cytoplasmic proteins.
Genes encoding PLP-dependent aminotransferases (annotated
mbnN) are present in some group I and all group IV Mbn oper-
ons (Fig. 2A), although the aminotransferases in the two groups
are not closely related (19, 20). When mbnN is disrupted in
Ms. trichosporium OB3b, no wild-type Mbn production is
observed (45). A smaller compound is present, with a mass
equivalent to that of the apo compound altered by C-terminal
methionine loss, an N-terminal primary amine rather than a
ketone, and acid hydrolysis of one of the two labile oxazolone/
thioamide moieties. This compound was proposed to result
from incomplete oxazolone A formation without MbnN. Given
that all Mbns characterized thus far have oxazolone B (21, 22,
24, 25), despite the absence of an aminotransferase in all Methy-
locystis Mbn operons (19), it is unclear why oxazolone A would
require MbnN in the two Methylosinus species. Increased acid
lability resulting in hydrolysis of oxazolone A is an alternative
interpretation.

As with MbnN, the role of a cytoplasmic 3�-phosphoadeno-
sine-5�-phosphosulfate-dependent sulfotransferase (MbnS) is
relatively straightforward. It is found only in group IIa Mbn
operons (19), which encode Mbns containing a sulfonated thre-
onine (22, 25), and is predicted to perform that post-transla-
tional modification. An NAD(P)H-dependent flavoenzyme

Figure 2. Mbn operons. A, schematics and content of typical operons from the common groups. B, phylogenetic tree of Mbn operons, based on MbnB protein
sequences; similar results were obtained using MbnA and MbnC protein sequences. Subgroups containing methanotrophs are circled with a dotted line.
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(MbnF) may play a role in heterocycle biosynthesis in some
group I and II Mbns (19, 20), catalyzing the transformation of
the oxazolone A to a (hydroxy)pyrazin(edi)one. The closest
characterized relatives are monooxygenases that carry out hy-
droxylation reactions (46), but it is unclear whether MbnF
modifies Mbn intermediates similarly. Alternatively, MbnF
may be involved in an oxidation step in oxazolone biosynthesis
(47), although Ms. trichosporium OB3b and Ms. sp. LW4 Mbn
operons lack MbnFs, but produce oxazolone-containing Mbns
(19, 21, 24).

Two cytoplasmic biosynthesis proteins have unpredicted
roles. A gene annotated as a dioxygenase (mbnD) follows mbnF
in group IIb operons, but no Mbns from these operons have
been characterized so its role in Mbn biosynthesis is unclear
(19). A distant relative of MbnB, MbnX, is encoded in group V
operons, with mbnX immediately following mbnA and transla-
tionally coupled with mbnB, mbnC, and mbnM (19). In the
absence of characterized Mbns encoded by these operons, the
role of MbnX is unclear. Notably, no identifiable protease
is conserved in Mbn operons. Cytoplasmic enzymes such as
MbnN and MbnF are predicted to carry out modifications
requiring prior leader peptide loss, meaning leader peptide loss
must occur in the cytoplasm, but it is unknown when and how
this loss occurs.

Finally, a pair of proteins encoded in many Mbn operons,
MbnH, a di-heme cytochrome c peroxidase, and MbnP, a tryp-
tophan-rich protein from no identifiable family, have also been
proposed to play a role in oxazolone biosynthesis (47). How-
ever, these proteins have genes more closely associated with
Mbn import machinery (19, 48), are periplasmic unlike all other
cytoplasmic biosynthesis enzymes (20), and are not present in
the operon of at least one characterized Mbn (24). Their func-
tion has not been investigated experimentally.

Mbn transport

Uptake of intact CuMbn was demonstrated using isotopic
and fluorescent labeling, and competition experiments with
apo Mbn provided evidence for the existence of a specific trans-
porter (49). This transporter was hypothesized to belong to the
TonB-dependent transporter (TBDT) family (41), members of
which import siderophores and other compounds across bac-
terial outer membranes and into the periplasm (50), powered by
the proton-motive force (51). Experiments using spermine as a
passive transport inhibitor and carbonyl cyanide m-chlorophe-
nylhydrazone as an active transport inhibitor confirmed that
CuMbn is taken up actively via a process distinct from the pas-
sive and likely porin-dependent uptake of soluble copper com-
pounds such as CuCl2 and CuSO4, although copper uptake via
either pathway can increase cellular copper and affect copper-
dependent gene regulation (49).

TonB-dependent transporters are present in four of the five
Mbn operon groups (19). The exceptions are group V operons,
which are predicted to produce divergent Mbns that may have
roles other than copper uptake. TBDTs in Mbn operons belong
to three distinct phylogenetic groups, of which none belong to
known TBDT subfamilies (48). Group I Mbn operons encode
MbnT1s with an N-terminal extension involved in trans-
periplasmic interactions with inner-membrane anti-� factors

(52). Analogous to the FecIRA system, in which uptake of iron
citrate through FecA (the TBDT) triggers an interaction with
FecR (the anti-� factor), which then activates FecI (the � factor)
to increase the expression of the FecIRA (and other) genes (53),
MbnT1-mediated transport and regulation may be coupled
(Fig. 3). MbnT1s are found primarily in methanotrophs and
ammonia oxidizers, including many species that lack Mbn
operons, suggesting that Mbn piracy may occur. The MbnT2s
encoded in group II Mbn operons and the MbnT3s encoded in
group III and IV operons lack N-terminal extensions and are
not associated with regulatory components (48).

MbnT function has been verified experimentally. Disruption
of the Ms. trichosporium OB3b mbnT gene effectively elimi-
nates import of CuMbn, but not soluble copper (48, 54), and
heterologous expression of MbnT in E. coli enables these bac-
teria to take up CuMbn (48). Two other copper-repressed non-
operon mbnIRTPH clusters are present in the Ms. trichospo-
rium OB3b genome, but their regulatory patterns differ from
the operon mbnIRTPH genes, and their products do not appear
to substitute for the Mbn operon mbnIRT. Multiple MbnT ho-
mologues may offer separate uptake paths for non-native Mbns
as in siderophore piracy. However, surface plasmon resonance
experiments indicate that non-native Mbns can bind (if not
necessarily be transported by) MbnTs (48).

Some group I and II Mbn operons encode periplasmic bind-
ing proteins (PBPs), termed MbnEs, that interact with periplas-
mic CuMbns (48). MbnEs are related to oligopeptide-binding
PBPs like OppA and AppA, which are members of solute-bind-
ing protein family 5 (55) and are part of oligopeptide ABC trans-
port systems, conveying peptides to inner membrane import
systems after their initial uptake across the outer membrane
and into the periplasm. Unlike genes for related PBPs such as
yejA, whose product binds the peptidic natural product micro-
cin C7 (56), mbnEs are copper-regulated like the Mbn operon,
even if they are not in its immediate genomic proximity (48).
The crystal structure of Mc. parvus OBBP MbnE (48) exhibits a
substrate-binding cavity as large as that of the nonapeptide-
binding AppA (57), consistent with a role in Mbn binding. Mul-
tiple heterologously expressed and immobilized MbnEs bind
native Mbns, but unlike MbnTs, no binding of non-native

Figure 3. Schematic for Mbn biosynthesis, transport, and regulation in
Ms. trichosporium OB3b.
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Mbns is observed (48). Because mbnEs lack neighboring ABC
transporter genes, it is unclear whether MbnEs share an ABC
transport system with oligopeptide-binding PBPs or whether
they play a role unrelated to cytoplasmic uptake of intact
CuMbn.

The uncertainty regarding the fate of internalized Mbn
extends to Mbn copper release. Some siderophores are
degraded during metal release (58), but many siderophores are
recycled, including pyoverdine, carboxymycobactin, and fer-
richrome (59 –61). For some siderophores, iron reduction
allows proteins with higher Fe(II) affinities to remove the metal
without metallophore modification (62). In Mbns, bound cop-
per could conceivably be oxidized to Cu(II). Periplasmic copper
proteins commonly encoded by Mbn operons, like CopC (63)
and DUF461 (64), might ultimately bind the oxidized copper
but are unlikely to be the oxidases. However, most Mbn group
I–IV Mbn operons contain mbnH and mbnP (19). Their asso-
ciation with mbnT genes suggests a role related to Mbn import
(19, 20) that could possibly involve copper release.

Mbn export is not yet well-characterized. Four of the five
Mbn operon groups, including the divergent group V operons,
contain genes encoding inner membrane efflux pumps,
MbnMs, belonging to the multidrug and toxic compound
extrusion (MATE) family (19). These H�/Na� antiporters
mediate the efflux of cationic xenobiotic compounds across the
inner membrane and into the periplasm (65, 66), but are poorly
understood, and their outer membrane partners are unidenti-
fied. A role for MATE proteins in the export of native natural
products such as Mbns would be new but is suggested by the
conservation of MbnM in the large majority of Mbn operons.

Regulation of Mbn in methanotrophs

In methanotroph copper homeostasis, sMMO and pMMO
are reciprocally regulated by copper (the copper switch) (67).
Expression and proteomic analysis of multiple species support
significant down-regulation of sMMO in the presence of cop-
per, whereas most studies show that pMMO is mildly up-regu-
lated (67–71). Because Mbn secretion was first observed at low
copper in wild-type methanotrophs (72, 73) or in variant strains
with a constitutively copper-starved phenotype (74, 75), and
because there should be no need for Mbn production in the
presence of abundant bioavailable copper, the Mbn operon was
expected to be copper-repressed. An extensive set of qRT-PCR
experiments, involving several time points after the addition of
copper to copper-starved Ms. trichosporium OB3b cells, con-
firmed that the entire Mbn operon in that species is copper-
regulated, along with the mbnE gene, despite separation from
the main operon (71). Furthermore, the Mbn and sMMO oper-
ons are co-regulated, with swift co-repression of the regulatory
genes followed by a slower decrease in main operon transcrip-
tion, perhaps as existing regulatory proteins degrade and are
not replaced. Additional studies identified significant but non-
identical copper down-regulation patterns in non-operon
mbnIRTPH gene clusters (48). Recent RNA-sequencing studies
under low- and high-copper conditions lack the time resolution
of the qRT-PCR studies but support these expression patterns
(76).

The regulatory protein(s) that repress the Mbn and sMMO
operons in the presence of copper have not been identified.
CuMbns may be a direct signaling factor in species with
MbnT1s, but the copper switch occurs in organisms lacking
Mbn operons, ruling out involvement of anything Mbn-related
(including MbnI and Mbn/CuMbn itself (47)) as the copper
switch regulator. MmoD, a protein of unknown function
encoded in the sMMO operon, has also been suggested as a
regulator, potentially in tandem with Mbn/CuMbn (42, 47).
However, biological support for this hypothesis relies on
knockouts of most of the sMMO operon (42), or of MmoD
alone (77), and in vitro biochemical evidence suggests that
MmoD interacts with and affects the activity of sMMO (78).
Knockout of major metabolic enzymes can cause significant
metabolic rewiring (79), so the extent to which phenotypic
effects reflect copper switch perturbation versus disruption of
sMMO activity remains unclear. There is also no evidence that
MmoD binds DNA, copper, or Mbn/CuMbn (71, 80). Despite
claims to the contrary (47), MmoD transcription is strongly
copper-repressed in several species (70, 71, 76), which is incom-
patible with several regulatory schemes. Finally, the overlap
between species producing sMMO, pMMO, and Mbn is quite
small (20). A yet-to-be-identified copper-responsive regulator
remains the most likely candidate for the copper switch in
methanotrophs (Fig. 3). Regulation of Mbn operons in non-
methanotrophs has yet to be investigated.

Broader roles for Mbns

Mbn research has historically focused on its role in metha-
notroph copper homeostasis. However, most Mbn operons are
found in non-methanotrophs and remain unstudied. Neverthe-
less, the content of non-methanotrophic group III and IV Mbn
operons supports a role in copper homeostasis (20). CopC (a
periplasmic copper-binding protein) and CopD (an inner-
membrane copper transporter) are involved in copper uptake
(81) and are encoded in many Mbn operons. Genes encoding
other periplasmic copper-binding proteins are also frequently
present, including Sco1 (commonly involved in cytochrome c
oxidase copper loading (82)) as well as the poorly understood
DUF461 (83) and DUF2946 proteins, the latter of which is
TBDT-associated. The presence of so many genes encoding
periplasmic copper-binding proteins in Mbn operons is sugges-
tive of a role in copper homeostasis for non-methanotrophs. By
contrast, group V operons lack both importers and copper-
binding proteins (19), suggesting that these Mbns may have a
completely different function, perhaps acting as antibiotics.

Mbns might also play a role in protection against toxicity of
metal ions other than copper. Copper binding by the sidero-
phore yersiniabactin is believed to shield pathogens from cop-
per toxicity during infection (84). Mbn chelation of Hg(II) and
Au(III) has been proposed to have a similar function (39, 85).
However, it is unclear whether this broader-spectrum metal
binding is biologically relevant for most methanotrophs, which
live in a wide range of environments, most of which are not
contaminated with heavy metals. Similar caveats apply to meth-
ylmercury demethylation, in which Mbn has been proposed to
play a role, possibly replacing MerA via reductive binding (86).
Mbn-mediated production of gold nanoparticles has also been
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reported (87–89). Sequestration of toxic gold via nanoparticle
production is observed in several species (90) and can be medi-
ated by the natural product delftibactin in Delftia avidovorans
(91). It is conceivable that Mbn-derived nanoparticle produc-
tion is a means of defense against unwanted metals. Finally,
CuMbn has been reported to exhibit superoxide dismutase,
oxidase, and hydrogen peroxide reductase activities (92).
Because bacterial secretion of superoxide can be a source of
environmental oxidative stress (93), extracellular superoxide
dismutase activity mediated by secreted natural products may
be biologically relevant.

In terms of potential applications, CuMbn from Ms. tricho-
sporium OB3b has been reported to exhibit antibiotic activity
against Gram-positive bacteria (94). Mbn has also been inves-
tigated as a treatment for Wilson disease, a human disorder of
impaired copper efflux and toxic copper accumulation (95).
Existing treatments are limited, and most have significant side
effects, fail to liberate some bound forms of copper, or bind
problematic amounts of other biologically relevant metals (96).
In a rat model, Mbn reversed the acute liver failure associated
with copper overload (97). Mbns or Mbn analogues are thus of
significant interest as copper-chelating drug candidates. Once
it is better understood, the modular Mbn RiPP biosynthetic
machinery can be deployed to produce non-natural Mbns,
using rational design and high-throughput screening to adjust
chemical properties in a search for bioactive compounds. Sim-
ilar techniques have already been used in other RiPP systems,
including the cyanobactins (98).

Conclusions

Mbns play a key role in methanotroph copper homeostasis,
and efforts to elucidate that role are important for attempts to
bioengineer these organisms. However, it is clear that copper
uptake mediated by these compounds is relevant far beyond
methanotrophs. Future Mbn research will require a reassess-
ment of bacterial copper homeostasis, both in the broader envi-
ronment and at the host–pathogen interface. Characterization
of Mbns from a wider range of species will yield additional div-
idends as new post-translational modifications and biosyn-
thetic mechanisms are identified, and any resulting bioactive
compounds are investigated as drug candidates and ultimately
re-engineered for increased activity. The history of Mbns may
be defined by methanotrophy, but their future lies in the
broader bacterial world.
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Copper is essential for most organisms as a cofactor for key
enzymes involved in fundamental processes such as respiration
and photosynthesis. However, copper also has toxic effects in
cells, which is why eukaryotes and prokaryotes have evolved
mechanisms for safe copper handling. A new family of bacterial
proteins uses a Cys-rich four-helix bundle to safely store large
quantities of Cu(I). The work leading to the discovery of these
proteins, their properties and physiological functions, and how
their presence potentially impacts the current views of bacterial
copper handling and use are discussed in this review.

Copper in biology

The utilization of metals by biological systems is highly par-
adoxical. On the one hand, metal ions provide proteins access to
chemistry that would otherwise be impossible using the organic
reactions that can be catalyzed by amino acid side chains. On the
other hand, many of these metal ions can be toxic to cells. Cop-
per is essential for most organisms as the cofactor for key
enzymes involved in important processes such as respiration
and photosynthesis (1–7). Ideas about the cellular toxicity of
copper have developed in recent years, from solely being attrib-
uted to the generation of reactive oxygen species (ROS)2

(8 –11). An emerging mechanism appears to be driven by the
ability of copper to bind tightly at the active sites of metalloen-
zymes, particularly those containing iron-sulfur clusters. This
not only destroys the reactivity of the mis-metallated protein
but releases iron that can produce ROS (9). This toxicity is the
reason why aquated (“free”) copper ions should not exist in cells
and that copper is predicted to be highly restricted in
eukaryotes (12) and prokaryotes (13). Copper availability
appears to be largely constrained by the use of high-affinity sites
in proteins (12–14), although “pools” of copper bound by other
molecules are important (4, 5, 11, 15–18).

Approaches used by cells to enable safe copper handling,
referred to as copper homeostasis, include sensors, transport-
ers, chaperones, and insertion proteins with high affinity and
specificity for copper (3–7, 12–14, 19 –22). A well-character-
ized family of copper-homeostasis proteins are the copper-
transporting P-type ATPases, which can remove this metal ion
from the cytosol (4 –7, 20 –24). In eukaryotes, these copper-
efflux pumps work with a cytosolic copper metallochaperone
(ATOX1 in humans and Atx1 in yeast) to facilitate import into
the trans-Golgi network for secreted copper enzymes (4, 5, 19,
24, 25). The two Cu-ATPases in humans (ATP7A and ATP7B)
can relocate to the plasma membrane to remove excess intra-
cellular copper when necessary (4, 24). In bacteria, the produc-
tion of the copper-efflux pump CopA (23) is controlled by tran-
scriptional regulators (sensors) such as CueR (13) and CsoR
(26). CopA can work either alone or in concert with the
ATOX1/Atx1 homologue CopZ to remove cytosolic copper
(5–7, 20 –23, 27, 28). It has recently been found that in bacteria
not previously thought to possess this copper metallochaper-
one, such as Escherichia coli, CopZ can be made from the CopA
gene by “programmed ribosomal frameshifting” (29).

It is emerging that the human immune system uses the tox-
icity of copper to attack invading pathogens. Previous minire-
views in the “Thematic Series on Metals in Biology” have dis-
cussed copper biochemistry (3, 22), emphasizing its role in
pathogenicity (30 –34). We will therefore only touch on this
issue briefly toward the end of our minireview. The main topic
here is the recently discovered ability of bacteria to safely store
copper using a highly novel approach (35). The more wide-
spread and abundant class of the new family of bacterial pro-
teins that can perform this function is cytosolic (36). This is
somewhat controversial, as a widely accepted view is that bac-
teria have evolved not to use cytosolic copper enzymes as a way
to help avoid the potential toxicity associated with their meta-
lation (6, 13, 37).

Discovery of a new bacterial copper storage protein and
its characterization

Eukaryotes are able to store cytosolic copper using metallo-
thioneins (MTs) (38 –41). Related proteins have been charac-
terized in pathogenic mycobacteria (42), but the idea that bac-
terial copper storage systems could be more common was
unknown. This changed with the discovery of a new family of
copper storage proteins, the Csps, in the methane-oxidizing
bacterium (methanotroph) Methylosinus trichosporium OB3b
(35). It is not surprising that such a finding about copper bio-
chemistry was made in methanotrophs as these Gram-negative
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organisms use large amounts of copper to metabolize methane
via the membrane-bound (particulate) methane monooxyge-
nase (pMMO). This enzyme catalyzes the conversion of meth-
ane to methanol in almost all methanotrophs (17). pMMO,
originally thought to have a dinuclear copper-active site, but
which has very recently been suggested to be mononuclear (43),
is housed on specialized intracytoplasmic membranes (17, 44)
and can constitute a large proportion of total cellular protein.
When copper levels are low, some methanotrophs (17, 45) have
the ability to use the soluble MMO (sMMO), which has a
dinuclear iron-active site (46). The switchover between these
MMOs is copper-regulated, and more detail about this process
and methanotroph classification and metabolism can be found
in Ref. 17. Understanding how methanotrophs manage and use
copper has immense environmental relevance due to methane
being a highly potent greenhouse gas, and it is also essential for
prospective biotechnological applications of these organisms
and their MMOs (47–49).

The ability to utilize large amounts of copper results in
methanotrophs having highly interesting copper-handling sys-
tems. This includes methanobactin (Mbn) (17, 50 –52), which
has been considered comparable to certain iron-binding sid-
erophores (53), and is thus termed a chalkophore (50). Mbn is a
modified peptide (Fig. 1, A and B) that is part of a highly spe-
cialized copper-uptake system, secreted to sequester this metal
ion under limiting conditions (17, 50). The mbnA gene, which
codes for leader (cleaved) and core (modified) peptides, has

been identified in an operon along with proteins either shown
or suggested to be involved in modification reactions, apo-Mbn
export, and re-incorporation of Cu(I)–Mbn (17, 51, 55–59).
Related Mbn operons are present in some non-methanotrophic
bacteria (17, 51, 59). Work in our laboratory has found that
Mbns bind Cu(I) with affinities in the 1020 to 1021 M�1 range
and have Cu(II) affinities that are �6 –10 orders of magnitude
weaker (52, 54, 60). We suggested oxidation could assist
removal of the metal ion in cells (52), although a conforma-
tional change at the N terminus of the peptide now appears to
be the most likely mechanism to promote release (60). Having
characterized a range of Mbns isolated from spent media in
which methanotrophs were grown at low copper concentra-
tions (52, 54, 60), including determination of their high-resolu-
tion crystal structures (Fig. 1, A and B) and analysis of the
Cu(I)–Mbn uptake process (Fig. 1, C and D) (52), understand-
ing the fate of internalized Cu(I)–Mbn became our next aim. To
try to isolate intracellular Cu(I)–Mbn, soluble extracts from the
model switchover methanotroph M. trichosporium OB3b were
separated using anion-exchange, followed by size-exclusion,
chromatography, and fractions were analyzed for metals. A
number of copper-containing peaks were observed, but none
contained Mbn.

Although Mbn was not found within cells in these metallo-
proteomic studies, the observation of soluble copper pools in
M. trichosporium OB3b extracts, whose abundance increased
at higher copper concentrations, is extremely interesting. The

Figure 1. Structures of Cu(I)–Mbns and Mbn-mediated copper uptake. A and B, the crystal structures of the Cu(I)–Mbns from M. trichosporium OB3b (A, PDB
file 2XJH) (54) and Methylocystis hirsuta CSC1 (B, PDB file 2YGI) (52). Below the structures are the sequences of the leader (black and underlined) and core
peptides that make up MbnA. Core peptides are modified to give the Mbn, and the M. hirsuta CSC1 Cu(I)–Mbn structure is of a form with the three C-terminal
residues cleaved (amino acids are numbered according to the sequence of the core peptides). The Cu(I) ions are shown as orange spheres ligated by the sulfur
atoms (S1 and S2) from thioamide/enethiol groups, and two oxazolone (oxa) ring nitrogens in M. trichosporium OB3b Cu(I)–Mbn, with the N-terminal coordi-
nating heterocycle being a pyrazinediol (pyraA) in M. hirsuta CSC1 Cu(I)–Mbn. Other differences include a sulfate-modified Thr side chain in M. hirsuta CSC1
Cu(I)–Mbn and the overall hairpin-like structure of this Cu(I)–Mbn compared with the more compact M. trichosporium OB3b Cu(I)–Mbn. Also shown are copper
uptake by (lines) and relative sMMO activity of (bars) M. trichosporium OB3b (C) and M. hirsuta CSC1 (D) cells after the addition of M. trichosporium OB3b
Cu(I)–Mbn (open gray triangles and gray bars) and M. hirsuta CSC1 Cu(I)–Mbn (open cyan circles and cyan bars) to sMMO-active cells. In both cases, copper uptake
and switchover from sMMO to pMMO is faster with the native Cu(I)–Mbn (52).
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complex mixture present in the major copper-containing frac-
tion was further purified to identify constituent copper-binding
proteins (35). Copper abundance in fractions matched the

intensity of a band on an SDS polyacrylamide gel at �12 kDa,
which was purified to near homogeneity (Fig. 2A). The intensity
profile of no other metal tested, including manganese, iron, and

Figure 2. Discovery and characterization of Csp1 in M. trichosporium OB3b. A, copper content of anion-exchange soluble extracts of M. trichosporium
OB3b purified on a gel-filtration column and SDS-PAGE analysis of the fractions eluted between 8 and 15 ml (35). The intensity profile of the band indicated with
an arrow matches that of the main copper peak. B, sequence of this 146 amino acid residue protein (MtCsp1) has a predicted Tat signal peptide (bold) and 13
Cys residues (highlighted yellow) largely present in CXXXC and CXXC motifs (underlined). C, tetrameric arrangement in the crystal structure (PDB file 5FJD) (35)
of the overexpressed predicted mature form of MtCsp1 (Gly-1 to Ala-122) with the pink (top left) four-helix bundle monomer (helices numbered), shown in
detail (D), highlighting the Cys residues that all point into the core, and residues around the mouth of the bundle, in stick representation. E, structure (PDB file
5FJE) of Cu(I)-MtCsp1 (35) with the metal ions represented as gray spheres and numbered. F, crystal structure (PDB file 1RJU) of a truncated form of S. cerevisiae
MT binding eight Cu(I) ions via 10 Cys residues (39) is shown for comparison. G, sequence alignment of the three Csp homologues present in M. trichosporium
OB3b created in T-coffee (65) using the predicted mature forms of MtCsp1 and MtCsp2.
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zinc, corresponded with this band, identified by peptide mass
fingerprinting as an uncharacterized conserved hypothetical
protein possessing 13 Cys residues (Fig. 2B). The protein has a
predicted twin-arginine translocase (Tat) signal peptide, sug-
gesting it is folded prior to export from the cytosol (61), and
cleavage is likely (62) after Ala-24 (Fig. 2B). Overexpressed
Gly-1 to Ala-122 (no signal peptide) forms a tetramer of four-
helix bundles (Fig. 2C), with all Cys residues pointing into the
cores of the monomers (Fig. 2D) (35). The protein has no disul-
fide bonds due to the Cys residues all being found on �-helices
in a fold that constrains the side chains. The protein can bind up
to 12–14 Cu(I) ions per monomer in vitro, with an average Cu(I)
affinity of �1 � 1017 M�1 (35).

In the crystal structure (35) each monomer binds 13 Cu(I)
ions (Fig. 2E) in an unprecedented arrangement along the core
of the four-helix bundle, a motif commonly found in metallo-
proteins (35, 63), including that binding the iron site of sMMO
(46). Four of the Cu(I) ions are coordinated by two thiolates on
the same �-helix in CXXXC motifs (Fig. 2B), whereas the
majority of the other sites are ligated by two Cys residues on
different helices. The solvent-accessible sites at the mouth of
the bundle (the opposite end contains a number of hydrophobic
side chains), by which Cu(I) ions are presumed to enter and
leave, have different coordination environments (Fig. 2E) (35).
This includes the binding of Cu13 by His-36 and Met-48 acting
as a bridging ligand between Cu11 and Cu13. A tetramer capa-
ble of accommodating up to 52 largely solvent-protected Cu(I)
ions is consistent with a role in storage, and hence the name of
this novel family of copper proteins (the Csps) was devised (35).
The way Csps bind Cu(I) is very different from the way a Cys-
rich unstructured MT polypeptide folds around thiolate-coor-
dinated clusters (Fig. 2F) (38, 39, 41). Ferritins, which store iron,
are also four-helix bundles, but they use these to form a multi-
meric envelope that can be filled with thousands of Fe(III) ions
(64). M. trichosporium OB3b possess three Csp homologues
(Fig. 2G), and the first discovered, as described above, was
called Csp1 (MtCsp1 indicates it originates from M. trichospo-
rium OB3b), and the others are named MtCsp2 and MtCsp3.

Comparison of Csp homologues in M. trichosporium
OB3b

MtCsp1 and MtCsp2 have high identity (�60% sequence
conservation), and both possess predicted (61) Tat signal pep-
tides. The presence of two exported Csps within the same
methanotroph is not uncommon (see under “Csp homologues
in other methanotrophs”), where they could perform different
roles (see under “Functions of Csps”). MtCsp3 has no signal
peptide (Fig. 2G), is therefore cytosolic, and has lower sequence
identity to MtCsp1 and MtCsp2 (�20% conserved residues).
Neither MtCsp2 nor MtCsp3 has been identified by metallo-
proteomics, although many of the other soluble copper-con-
taining fractions obtained from M. trichosporium OB3b have
yet to be thoroughly investigated. MtCsp2 has not been studied
due to its high sequence similarity to MtCsp1 (Fig. 2G). In vitro
studies of MtCsp3 show it is also a tetramer of four-helix bun-
dles having 18 Cys residues pointing into the core of each mono-
mer (Fig. 3A) (36). The additional Cys residues, compared with
MtCsp1, are found in CXXXC motifs, and the protein also has

no disulfide bonds. Each monomer is able to bind more metal
ions within its core and has 19 Cu(I) sites in the crystal structure
(Fig. 3B). Most of these are coordinated by two thiolates, largely
alternating between Cu(I) ions bound by Cys residues from the
same �-helix (in CXXXC motifs) and inter-helical sites. Atypi-
cal coordination is again found at the mouth of the bundle
where His-110 binds Cu18 along with Cys-111, and His-104
ligates Cu19 in addition to two thiolates (Fig. 3B) (36). The
average Cu(I) affinity of MtCsp3 (�2 � 1017 M�1) is similar to
that of MtCsp1 (35, 36).

Important differences are found in how MtCsp3 and MtCsp1
bind Cu(I). In the case of MtCsp3, Cu(I) binding gives rise to
relatively intense fluorescence at �600 nm upon excitation
within the S(Cys) 3 Cu(I) ligand-to-metal charge transfer
bands below 400 nm (35, 36). Such emission has been associ-
ated with Cu(I)–Cu(I) interactions in proteins binding solvent-
protected Cys-coordinated Cu(I) clusters, such as the MTs (38,
42, 66). The fluorescence from MtCsp3, which reaches a max-
imum value when it is approximately half-loaded, may be
related to the formation of solvent-protected tetranuclear Cu(I)
clusters within its central core (67). Similar structures do not
occur in MtCsp1 due to it having fewer Cys residues. Further-
more, and functionally more important, Cu(I) binding is coop-
erative in MtCsp1 (35), but not in MtCsp3 (36). This could also
be related to discrete cluster formation in MtCsp3 (67), but the
exact cause of both of these aspects of Cu(I) binding in the Csps
requires further investigation.

The most striking difference between MtCsp3 and MtCsp1 is
the time scale of Cu(I) removal from their cores. Both have
average Cu(I) affinities in the low 1017 M�1 range, and assuming
diffusion-controlled on-rates of �108 M�1s�1, unassisted Cu(I)
off-rates would be extremely slow (�10�9 s�1). The physiolog-
ical Cu(I) acceptor for any Csp is currently unknown. As M. tri-
chosporium OB3b produces an Mbn, removal by this high
Cu(I)-affinity molecule (54, and vide supra) has been investi-
gated (see under “Functions of Csps”). Stoichiometric concen-
trations of apo-Mbn removes all Cu(I) from MtCsp1 in �1 h
(35), while this process takes weeks to complete for MtCsp3
(36). Comparative Cu(I) removal studies have also been carried
out with well-characterized chromophoric Cu(I)-chelating
molecules such as bicinchoninic acid and particularly bathocu-
proine disulfonate (BCS). These ligands have routinely been
used to measure how tightly Cu(I) binds to a range of proteins
(26, 68 –71), including determination of the Cu(I) affinities of
Mbns (52, 54) and the average values for the Csps (35, 36). They
have also been implemented as model acceptors for investigat-
ing Cu(I) removal from homeostasis proteins (68, 72). Using a
large excess of the higher-affinity ligand BCS results in com-
plete removal of Cu(I) from MtCsp1 in �1 h (35), but only
�20% from MtCsp3 in 85 h (36). There is a kinetic barrier to
Cu(I) removal in MtCsp3, not present in MtCsp1, most likely
related to structural alterations at, and particularly the amino
acid residues around, the mouths of their four-helix bundles, a
number of which coordinate Cu(I) (Figs. 2E and 3B). Work is
underway to determine the cause of this difference and to
understand whether fast and slow Cu(I) removal is a distin-
guishing feature of Csp1s and Csp3s, respectively (see under
“Functions of Csps”).
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Csp homologues in other methanotrophs

Homologues of MtCsp3 are present in 34 methanotrophs
whose genomes have been sequenced, and MtCsp1 homo-
logues are found in 16 (Fig. 4A and Figs. S1 and S2). A single
MtCsp3 homologue is typically found in methanotrophs having
this protein (two in Methylococcaceae bacterium NSP1–2 and
Crenothrix polyspora), and two MtCsp1 homologues are pres-
ent in over half of the sequenced methanotrophs that have this
protein (Methylocystis bryophila appears to have three,
although one of these has only seven Cys residues). A different
name for a protein implies an alternative function. However, for
organisms with two or more MtCsp1 homologues it is not yet
known whether these have distinct functions (see below). We
have not established a way to differentiate between what we
initially called MtCsp1 and MtCsp2 (35), and it may therefore

be better to use Csp1a (MtCsp1a) and Csp1b (MtCsp1b) to
signify exported Csp homologues when found within the same
organism. This approach provides the clear definition that
Csp1s are the exported members of this family of proteins,
whereas Csp3s are cytosolic. For the purpose of this review, we
will continue to use MtCsp1 and MtCsp2 for the exported pro-
teins in M. trichosporium OB3b.

Bioinformatics also highlight residues and regions of Csp1s
and Csp3s that are conserved in methanotrophs (Fig. 4, B and C,
and Figs. S1 and S2). This includes the Cu(I)-coordinating Cys
residues; all 13 are highly conserved in the Csp1s (Fig. 4B), with
15 highly conserved in Csp3s (Fig. 4C). The sequence of the Tat
signal peptide is highly similar in the Csp1s (Fig. 4B). Conserved
regions are found at the open end of both four-helix bundles,
thought to be important for Cu(I) uptake and removal. The

Figure 3. Structural and functional studies of Csp3s. A, crystal structure of the apo-MtCsp3 (PDB file 5ARM) tetramer (36). The side chains of the 18 Cys
residues pointing into the core and three His residues at the mouth are shown as sticks in the pink (top left) four-helix bundle monomer. The additional small
N-terminal �-helix (�N) is labeled in two monomers. B, crystal structure (PDB file 5ARN (36)) of Cu(I)-MtCsp3 (�N omitted) with the metal ions as gray spheres and
numbered. C, crystal structure of the apo-BsCsp3 (PDB file 5FIG) tetramer of four-helix bundles (36) using the same representation as in A, with 19 Cys residues
pointing into the core of the pink (top left) four-helix bundle monomer. D, growth (37 °C) of �copA E. coli in the absence of (black circles) and plus 1.0 mM (blue
circles) Cu(NO3)2 is compared with �copA cells overexpressing BsCsp3 in the absence of (red triangles) and plus 1.0 mM (cyan triangles) Cu(NO3)2 (36). E, growth
(37 °C) of WT E. coli in the absence of (black circles) and plus 3.4 mM (blue circles) Cu(NO3)2 is compared with WT cells overexpressing BsCsp3 in the absence of
(red triangles) and plus 3.4 mM (cyan triangles) Cu(NO3)2. Overexpressed BsCsp3 can protect �copA (D) and WT (E) E. coli from copper toxicity.
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His-36 and Met-48 ligands in MtCsp1 are present in almost all
homologues, along with a number of the intervening residues in
the �1(His-36)–loop–�2(Met-48) region. In addition, two res-
idues (Phe-97 and Pro-98 in MtCsp1) on the loop linking �3
and �4 are highly conserved in Csp1s, as is the Glu residue
(Glu-102 in MtCsp1) at the start of �4 (Fig. 4B). Certain resi-
dues in the �3–loop–�4 region are conserved in Csp3s. This
includes the His-110 ligand of MtCsp3 (Fig. 3B) and the non-
ligating His-108, but these are predominantly present only in
Methylocystaceae family (Methylosinus, Methylocystis, and
Pleomorphomonas genera) strains. His-104, which coordinates
Cu18 in MtCsp3, is also conserved in these strains, but is
replaced by an Ile residue in most other methanotrophs that
have a MtCsp3 homologue (Fig. 4C and Fig. S2). Overall, the

Cys ligands (Csp1s and Csp3s), the Tat signal peptide (Csp1s),
the �1–loop–�2 (Csp1s) and �3–loop–�4 (Csp1s and certain
Csp3s) regions are conserved features of these proteins in
methanotrophs.

The Mbn operon is present in 12 methanotroph genomes,
and due to overlap, less than half of the sequenced metha-
notrophs (38 of 89) possess either the Mbn operon, Csp1, or
Csp3 (Fig. 4A). Nine methanotrophs possess all three, with
none having the Mbn operon without either a Csp1 or Csp3.
Overlap mostly occurs in the Methylosinus and Methylocystis
genera, but there is not sufficient evidence to suggest the func-
tions of Csp1, Csp3, and Mbn are directly related. However, the
observation that Csp3 is present alone in 22 methanotrophs
(Csp1 is rarely present on its own) could indicate that the func-

Figure 4. Bioinformatics of Csp1s, Csp3s, and the Mbn operon in methanotrophs. The 89 methanotroph genomes currently available in the NCBI database
were interrogated with pBLASTp using MtCsp1 and MtCsp3 as search queries. A, Venn diagram of the distribution of Csp1, Csp3, and the Mbn operon (identified
by the presence of homologues of M. trichosporium OB3b MbnA, MbnB, and MbnC) in methanotroph genomes. Alignments of 26 and 36 sequences (see Figs.
S1 and S2) were used to produce WebLogos (73) for Csp1s (B) and Csp3s (C), respectively. In these, the overall height of the stack at a particular position
represents the degree of conservation, whereas the height of the symbol for an amino acid residue (green for polar, purple for neutral, blue for basic, red for
acidic, and black for hydrophobic) within the stack signifies relative frequency. Widths are unscaled so less frequently occupied positions in the alignment (see
Figs. S1 and S2) are not represented by narrower stacks (composition adjustment was left to the default value for typical amino acid usage). Signal peptides
were identified using SignalP (74) and TatP (62), and this region is labeled in B. D, schematic of the model methanotroph M. trichosporium OB3b showing two
possible arrangements of the intracytoplasmic membranes that house pMMO and the location and potential roles of MtCsp1, MtCsp2, and MtCsp3. The
established cytosolic copper-sensing (CueR) and copper-efflux (CopA) systems, and the known locations and interactions of Mbn (MbnT is a Ton-B-dependent
transporter (56) and MbnE is suggested to bind Mbn in the periplasm (58)) are also included. A much more detailed model of copper homeostasis and
copper-regulated switchover in a methanotroph can be found in Ref. 59. This includes the Csps, but it does not discuss their importance.
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tion of this protein is independent of Csp1 and Mbn (see under
“Functions of Csps”). Much attention has been paid to the role
of Mbn in copper acquisition and utilization by methanotrophs
(17, 50 –52, 54 – 60). However, the currently identified Mbn
operon is only found in just over 10% of sequenced metha-
notroph genomes, suggesting other systems are important for
these processes. Csps are present in over 40% of these
methanotrophs.

Csp homologues in non-methanotrophs

Csp3s are found in many more bacteria than Csp1s (�4000
versus 200, respectively, are identified using the M. trichospo-
rium OB3b proteins for searches), with Csp3s present in no less
than 10 different bacterial phyla and Csp1s in at least five.
Approximately 140 MtCsp3 homologues are found in Archaea.
It has recently been claimed (75) that Csps are present in
eukaryotes. However, the three proposed eukaryotic Csps (two
in plants and another in a soil-dwelling fungus according to Fig.
S1 in Ref. 75) are identical to bacterial Csp sequences and are
therefore most likely not from the organism indicated but are
due to contamination with bacterial DNA. This is not surpris-
ing given that the bacteria in question are either soil dwelling or
widely distributed in the environment. The Csp1s identified in
non-methanotrophs are found in Gram-negative bacteria. A
notable example is found in Neisseria gonorhoeae (see under
“Functions of Csps”), and initial studies indicate its predicted
mature Csp1 has similar Cu(I) binding and removal character-
istics to MtCsp1.

The more prevalent and widespread nature of Csp3s raises
questions about copper handling in bacteria that have this pro-
tein. Copper homeostasis has been extensively investigated in
certain Csp3-possessing non-methanotrophs, with probably
the best example being Bacillus subtilis (21, 28, 68, 76, 77).
Therefore, the Csp3 from this model Gram-positive bacterium
has been studied in vitro (36). BsCsp3 is smaller than MtCsp3
(108 versus 133 amino acids, see Fig. S2), but it has an additional
Cys residue (giving a total of 19). The structure of the apo-
protein, including its tetrameric arrangement, is similar to
MtCsp3 (Fig. 3, A and C), again with little evidence of disulfide
bond formation (36). The protein binds up to �20 eq of Cu(I) in
vitro with an average affinity of �2 � 1017 M�1, but removal is
faster than for MtCsp3 as �85% of the Cu(I) core is acquired by
BCS in 85 h (36). However, this is still very slow compared with
MtCsp1 (35), and the mouth of the four-helix bundle of BsCsp3
shows similarities to that of MtCsp3 (Fig. 3, A and C) (36). In
particular, three His residues corresponding to His-104, His-
108 and His-110 are present, and these are more conserved in
non-methanotrophs (36). The cytosolic Cu(I) metallochaper-
one CopZ is present in B. subtilis. Removal of Cu(I) by this
potential physiological partner is also slow with BsCopZ
acquiring �40% of Cu(I) from BsCsp3 in 64 h (36). The in vitro
Cu(I)-binding properties and structure of Streptomyces livi-
dans Csp3 are similar to those of MtCsp3 and BsCsp3 (36),
although the average Cu(I) affinity appears to be an order of
magnitude weaker (75). Crystal structures of the apo-Csp3s
from Pseudomonas aeruginosa (3KAW) and Nitrosospira mul-
tiformis (3LMF) have been deposited by a structural genomics
consortium. These are similar to those of other Csp3s (Fig. 3, A

and C), with all Cys residues pointing into the cores of their
four-helix bundle folds, and no disulfide bonds present.

Functions of Csps

The predicted Tat-exported MtCsp1 acts as a copper store
for methane oxidation for the following reasons. 1) copper-
bound MtCsp1 is isolated (35) from M. trichosporium OB3b
grown in 5 �M copper (Fig. 2A) i.e. using pMMO to oxidize
methane. None of the other metals analyzed in the metallopro-
teomic studies (including manganese, iron, and zinc) co-eluted
with MtCsp1. Furthermore, of the metal ions tested in our lab-
oratory, only Cu(I) binds tightly in vitro. 2) The deletion of both
genes for the exported Csps (MtCsp1 and MtCsp2) results in
significantly faster switchover from pMMO to sMMO in M. tri-
chosporium OB3b cells transferred from high to low copper
(35). 3) In gene expression studies (see Fig. S5 in Ref. 58 and see
also Ref. 78) MtCsp1 is up-regulated in a similar manner to
pMMO at a copper concentration resulting in switchover (10 –
12.5 �M.). 4) The copper peak and the MtCsp1 SDS-PAGE band
(Fig. 2A) are absent in sMMO-active M. trichosporium OB3b
cells. 5) The structure of MtCsp1 as a tetramer of Cys-lined
four-helix bundles allows the binding of 52 Cu(I) ions. Collec-
tively, these data provide extensive evidence that MtCsp1 stores
Cu(I) for pMMO allowing continued growth on methane using
this enzyme when copper becomes limiting. Given the similar-
ities of the structures and Cu(I)-binding properties of MtCsp1
homologues, many having an even greater capacity for metal
ions, it is almost implicit that other members of this new family
of proteins are able to bind and store Cu(I).

The cellular destination of exported Csp1s depends on the
cellular structure of methanotrophs (see below). The periplas-
mic multi-copper oxidase CueO, which is involved in copper
homeostasis in E. coli, is also predicted to be Tat-exported (79).
As this is the pathway for folded protein secretion, it had been
assumed that CueO acquired the four copper ions it needs for
activity in the cytosol. However, it is now thought this protein is
exported in a copper-free “incomplete folding” state and
acquires copper in the periplasm (79). A number of other bac-
terial copper proteins are predicted to be Tat-exported (7), and
further work is needed to determine whether these acquire cop-
per in the cytosol. However, it seems highly unlikely that Csp1s
are exported in a partially folded state as this would potentially
promote disulfide bond formation in such Cys-rich proteins,
and Tat export may be required to prevent this from occurring.
Csp1s therefore most likely fold completely and acquire Cu(I)
in the cytosol prior to export.

Although the prevailing view is that the intracytoplasmic
membranes housing pMMO are invaginations of the plasma
membrane (Fig. 4D), most evidence is either out-dated or indi-
rect (80 –82). If these membranes are discrete from the plasma
membrane (Fig. 4D), pMMO would be only the second exam-
ple, after plastocyanin in the thylakoid compartments of cyano-
bacteria (83), of a bacterial cytoplasmic copper-requiring
protein. If this is the case, in a methanotroph such as M. tricho-
sporium OB3b having two exported Csps, MtCsp1 could
deliver Cu(I) to the intracytoplasmic membranes for pMMO
while MtCsp2 transfers Cu(I) to the periplasm for other cop-
per-requiring enzymes (Fig. 4D). MtCsp2 is not up-regulated by
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10 �M copper (78), and this suggested function may not require
copper-regulated expression (see below), or it may occur at
higher copper concentrations than those causing switchover (it
is also possible that MtCsp2 could act as a Cu(I) store for
pMMO at higher copper concentrations). In methanotrophs
that have a single Csp1, we assume this will only store Cu(I) for
pMMO if the enzyme is housed in cytoplasmic compartments.
However, if the intracytoplasmic and plasma membranes are
contiguous, a single Csp1 could store Cu(I) for pMMO and
other destinations in the periplasm. As already stated, most
Csp1-possessing methanotrophs also have Mbn (Fig. 4A),
which they produce under copper-limiting conditions (17, 50),
when the Cu(I) from a Csp would be required. Therefore, dur-
ing switchover from pMMO to sMMO it is possible that apo-
Mbn may play a role in removing Cu(I) from MtCsp1, a process
that readily occurs in vitro (35), to aid delivery to pMMO. In
non-methanotrophs, Csp1 will deliver Cu(I) to the periplasm.
Export of a protein that can store large amounts of Cu(I) (there
is little sign of oxidation upon prolonged exposure of Cu(I)-
MtCsp1 in air) will provide and stabilize a source of cuprous
ions outside the cytosol, which may otherwise be difficult in the
more oxidizing periplasm. This could be the oxidation state of
copper required for insertion into certain enzymes, as appears
to be the case for pMMO.

The precise function of a cytosolic Csp3 is currently
unknown, although a general role in Cu(I) storage while pre-
venting toxicity is presumed. Bioinformatics (Fig. 4A), and the
more widespread nature of Csp3s both in methanotrophs and
other bacteria, suggest that the function of Csp3 is not directly
linked to Csp1. Preliminary in vivo studies on the csp3-delete
strain of B. subtilis show a weak, and unusual, copper-depen-
dent phenotype (36). Growth in LB media is inhibited relative
to WT B. subtilis in the range of �1.5–2 mM added Cu(II), but
only after cells have been grown for more than 12 h in the
presence of the metal. Obtaining this phenotype reproducibly is
difficult, being sensitive to growth conditions and particularly
copper concentration. Transcriptional studies have shown that
BsCsp3 is up-regulated under spore-forming and stress-induc-
ing conditions, including elevated NaCl concentrations (84),
but the response to copper was not tested. Interestingly, both
Csp1 and Csp3 are up-regulated when the methanotroph
Methylocystis sp. SC2 is grown in 0.75% NaCl (85). The rele-
vance of salt stress on Csp expression remains unclear. The
multi-copper oxidase CotA is one of very few predicted copper
enzymes in B. subtilis (2) and is a component of the spore coat
where it is thought to be involved in pigment production (86),
and BsCsp3 could store Cu(I) for this enzyme. The P. aerugi-
nosa Csp3 (the protein was incorrectly called a Csp1, but it does
not possess a signal peptide and is cytosolic) is not induced (87)
by the addition of 0.5 mM Cu(II). However, neither is CopA2, a
second copper efflux pump that is not required for copper tol-
erance in P. aeruginosa, but is suggested to be involved in
export coupled to copper acquisition by cytochrome c oxidase
(88). The S. lividans Csp3 is up-regulated by 0.4 mM Cu(II) and
in a csoR (copper-sensitive operon repressor) deletion mutant
(89). A transcriptomic study of the Gram-negative bacterium
Sphingobium sp. ba1 has shown up-regulation of Csp1 and
Csp3 in response to 10 mM Ni(II), but under these conditions

copper resistance systems, including CopA, are also up-reg-
ulated (90).

Gene expression studies show that MtCsp3 is not up-regu-
lated at the relatively low copper concentrations (10 �M)
required for switchover (78). However, putative CopAs in
M. trichosporium OB3b are also not up-regulated under these
conditions. Copper detoxification is not the proposed primary
function of Csp3s, but BsCsp3 can provide protection against
copper toxicity when overexpressed in both the copA delete
strain (�copA) (Fig. 3D) (36) and also WT E. coli (Fig. 3E). In
both cases, the cells overexpressing BsCsp3 accumulate more
copper than control cells, and Cu(I)-BsCsp3 is observed. As
well as being able to complement the phenotype caused by
deletion of the copper-efflux pump (23), overexpressed
BsCsp3 provides an additional growth advantage at elevated
copper to having CopA alone. Furthermore, BsCsp3-bound
Cu(I) can be withheld from the efflux pump. It has also been
found that in S. lividans Csp3 enables growth at higher cop-
per levels (75).

When considering the functional properties of Csps, it is
important to keep in mind key in vitro results (35, 36). Csp3s
can generally bind a greater number of Cu(I) ions than Csp1s,
due to usually having more Cys residues (Figs. 2, E and G, 3B,
and 4, B and C, and Figs. S1 and S2 for methanotrophs). Csp1s
and Csp3s have similar average Cu(I) affinities (�1017 M�1) yet
exhibit dramatic differences in terms of Cu(I) removal rates.
How Cu(I) is extracted from Csps in cells is unknown. Many
copper homeostasis proteins and copper target enzymes/pro-
teins have higher Cu(I) affinities, typically in the 1017 to 1021

M�1 range (13, 26, 40, 68 –71), and their ability to acquire Cu(I)
from Csps is thermodynamically favored. Faster Cu(I) unload-
ing by small molecule Cu(I) ligands occurs for Csp1s (35), but a
kinetic barrier to removal is present in Csp3s (36). The interplay
between thermodynamics and kinetics in copper homeostasis
is currently not well understood. Furthermore, how many of the
proteins involved in this process acquire copper is unknown
(apart from the CopZ–CopA interaction). Csp1s are expected
to be exported after acquiring Cu(I), and Csp3s kinetically trap
Cu(I) in the cytosol. These proteins may therefore have evolved
different approaches to enable them to bind and maintain a
store of Cu(I) even in the presence of proteins with higher affin-
ities (CopZ acquires Cu(I) very slowly from BsCsp3). In metha-
notrophs, which can have both a Csp1 and Csp3, such as M. tri-
chosporium OB3b, the dramatic variation in removal rates
could be more important (as may differences in Cu(I)-binding
cooperativity) and suggests that the exported Csps act as a more
temporary store of Cu(I) for pMMO, whereas Csp3 plays a role
in longer-term storage. Whether this distinction between Cu(I)
removal rates exists for all Csp1s and Csp3s has to be estab-
lished. If slow Cu(I) removal is a conserved feature of Csp3s,
then the requirement for a longer-term store needs to be under-
stood, as well as how the kinetic barrier to removal is overcome
when Csp3-bound Cu(I) is required.

Possible link between Csps and pathogenicity?

As mentioned in the Introduction, and covered in previous
minireviews in this series, the interplay between copper home-
ostasis systems in a pathogen and host is beginning to be rec-

THEMATIC MINIREVIEW: Bacterial copper storage proteins

J. Biol. Chem. (2018) 293(13) 4616 –4627 4623

http://www.jbc.org/cgi/content/full/TM117.000180/DC1


ognized as important for virulence (30 –34, 91). Compared with
nutritional immunity used to withhold other essential metal
ions, hosts are thought to expose invading pathogens to copper
(32, 33, 91). In mammalian hosts, ATP7A pumps copper into
the phagolysosomal compartment, and copper homeostasis
systems can protect the pathogen against this attack (30 –33,
91–93). A number of possible defense approaches have been
identified, such as copper efflux and sequestration, including a
Cu(II)-binding siderophore (34, 94). Csps are present in patho-
genic bacteria, such as N. gonorrhoeae (Csp1), Streptococcus
pneumoniae (Csp3), Salmonella enterica sv. Typhimurium
(Csp3), and the opportunistic pathogen P. aeruginosa (Csp3).
The ability of Csps to bind large quantities of Cu(I) would make
them ideal to defend pathogens against copper attack by a host.
The Cu(I)-buffering ability of Csp3 that prevents toxicity in the
�copA strain of E. coli (Fig. 3, D and E) demonstrates that these
proteins, when produced at relatively high levels, can take the
place of copper-efflux pumps, known virulence factors (30, 88,
92, 93), in providing protection against elevated copper levels.
The only other characterized bacterial copper-storing protein
is the MT-like MymT found in pathogenic mycobacteria (42),
but this does not appear to be required for infection. Whether a
Csp would help a pathogen fight against host-based copper
attack remains to be established.

Concluding remarks

The Csps were identified in methanotrophs, bacteria with
atypically high copper demands, which they use for methane
oxidation, and M. trichosporium OB3b possesses three homo-
logues: two closely related proteins having predicted Tat signal
peptides and a cytosolic version. Exported MtCsp1 stores Cu(I)
for pMMO. The more widespread occurrence of cytosolic Csps
complicates the current conceptually simplistic idea that these
organisms have evolved not to use copper in this compartment
to help avoid toxicity. A role for these proteins in Cu(I) storage
is currently the most logical suggestion for their function, but in
many cases what they are storing copper for remains unknown.
The presence of bacterial copper storage proteins seems con-
sistent with a number of other observations as follows: 1) that
bacterial copper-import systems exist (6, 7, 17, 21, 52, 56, 77,
95), including into the cytosol; 2) that endogenous pools of the
metal are available in bacteria (11, 15, 16, 18, 96); and 3) that
E. coli grown in both LB and minimal medium accumulates
copper (97). It also suggests that there are alternative mecha-
nisms to using different cellular compartments to prevent mis-
metallation of proteins by copper (37). Furthermore, the ability
of bacteria to store copper in the cytosol could provide further
insight into the observation that certain periplasmic proteins
are loaded with copper that has passed through the cytosol (88,
98, 99). Most of the organisms in which this has been reported
possess a Csp3.

A lot more work is needed to understand copper storage and
removal for the exported Csp1s and the cytosolic Csp3s. Csps
are only found in �40% of methanotrophs, whereas pMMO is
nearly always present, and although Csp3s are widespread in
bacteria, they are far from ubiquitous. The discovery of the
Csps leads to the intriguing question of whether there are
other bacterial copper-storage systems yet to be found. Even

if this is not the case, the presence of Csp3s indicates that as
predicted for other metalloproteomes (100), the possibility
exists that there are cytoplasmic copper-requiring enzymes
yet to be discovered.
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Transition metals have been recognized and studied primar-
ily in the context of their essential roles as structural and meta-
bolic cofactors for biomolecules that compose living systems.
More recently, an emerging paradigm of transition-metal sig-
naling, where dynamic changes in transitional metal pools can
modulate protein function, cell fate, and organism health and
disease, has broadened our view of the potential contributions of
these essential nutrients in biology. Using copper as a canonical
example of transition-metal signaling, we highlight key experi-
ments where direct measurement and/or visualization of
dynamic copper pools, in combination with biochemical, phys-
iological, and behavioral studies, have deciphered sources, tar-
gets, and physiological effects of copper signals.

Transition metals are indispensable for all living systems.
These essential elements serve not only as structural cofactors
for proteins and nucleic acids (1), but they also perform exquis-
ite chemistry in their roles as metabolic cofactors in enzymes,
facilitating essential processes such as oxygen transport, neu-
rotransmitter synthesis and metabolism, nucleic acid repair
and epigenetics, and construction of the extracellular matrix
(1). Key transition metals that can undergo reduction-oxidation
(redox) cycling under biological conditions (e.g. copper, iron,
manganese, and nickel) also facilitate the electron transport
necessary for photosynthesis, cellular respiration, and enzy-
matic redox reactions (2). In addition to these critical functions,
transition-metal signaling has emerged as an exciting new field
of study in living systems (3). In this expanded paradigm, tran-
sition metals not only serve as static structural and metabolic
cofactors, but also are mobilized by cells to dynamically regu-
late enzymatic activity and communicate information both
within cells and between cells. Indeed, recent advances in the
observation of transition-metal signaling across multiple organ

systems in both healthy and diseased states highlight its impor-
tance in mammalian biology. Here, we focus on copper as a
canonical example of a transition metal signal, providing a sum-
mary of current understanding of copper signaling in neurobi-
ology, immunity, cancer, and fat metabolism and future pros-
pects for the field.

Acquisition and trafficking of copper in mammals

To set the stage for discussing copper signaling, we first pro-
vide an overview of copper homeostasis in mammalian systems.
Copper is an essential mineral that must be acquired through
the diet and trafficked to the organs, cells, and proteins that
require copper for health (4). The majority (70%) of copper
import into mammalian cells occurs through copper trans-
porter 1 (CTR1) (5), from which copper is passed to intracellu-
lar chaperone proteins or small molecules, such as glutathione,
which carry copper through the cytoplasm (6, 7). The copper
chaperone Atox1 delivers copper to the copper-transporting
ATPases ATP7A and ATP7B, copper exporters typically
located on the Golgi apparatus and responsible for loading cop-
per into cuproenzymes, including ceruloplasmin and dopamine
�-hydroxylase (8, 9). Under conditions of high intracellular
copper, ATP7A relocalizes to the plasma membrane to facil-
itate copper export (10). The copper chaperone for superox-
ide dismutase delivers copper to Cu,Zn-superoxide dis-
mutase 1 (SOD1), an enzyme responsible for detoxifying
superoxide by converting it to hydrogen peroxide (11). Addi-
tional unknown chaperones deliver copper to the mitochon-
drial matrix, where it is mobilized through various channels
to metalate cytochrome c oxidase, an essential component of
the electron transport pathway, and mitochondrial SOD2

(12). For a detailed discussion of copper homeostasis in
eukaryotes, the reader is referred to an insightful review by
Nevitt et al. (13).

These well-established copper acquisition and trafficking
pathways highlight the importance of proper delivery of copper
to essential cuproenzymes. However, mounting experimental
evidence suggests the presence of kinetically accessible pools of
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copper that are not buried in enzyme-active sites but can be
readily mobilized to the intra- or extracellular space with a cel-
lular stimulus (14). Although the molecular mechanisms of
copper mobilization remain poorly understood, we suggest that
mobilization would involve the rapid reorganization of copper
ions from one subset of protein and small molecule-binding
sites to another, which may result in copper crossing mem-
branes. On a practical level, this pool of accessible copper can
be diminished by short-term treatment with copper chelators,
leading to the term “labile” or “chelatable” copper pool. The
choice of chelator is critical. On short time scales (�1 h), mem-
brane-impermeable chelators deplete only extracellular copper
and copper that may be rapidly moving through release-and-
uptake cycles, whereas membrane-permeable chelators can
access both intra- and extracellular copper, as well as poten-
tially form ternary complexes with copper chaperones (15),
preventing copper trafficking or mobilization. Additionally,
copper ionophores, such as clioquinol and other 8-hydroxy-
quinoline (8HQ) derivatives, redistribute copper across cell and
organelle membranes, altering the labile copper pool without
adding or removing copper from the system (16, 17). Changes
to the labile copper pool may be assessed by the use of fluores-
cent small-molecule indicators that can equilibrate with kinet-
ically accessible copper in the cytosol, enabling one to distin-
guish labile copper from total copper, the latter of which is
typicallymeasuredusingdirecttechniques,includingX-rayfluo-
rescence microscopy (XFM) or mass spectrometry imaging
(14, 18).

Augmentation or restriction of the labile copper pool alters
the function of a number of enzymes, some through direct
binding to copper, leading to the notion that copper itself may
serve as a cellular signal that modulates the activity of proteins.
Indeed, copper signaling has been identified through multiple
independent studies centered on the brain, and it has now been
expanded to encompass a broader range of organ systems, as we
shall explore below. The reader is also referred to an excellent
summary of copper as a key regulator of cell signaling pathways
by Grubman and White (19).

Copper signaling in neurobiology

Early studies suggesting that copper could serve essential
functions outside of enzyme-active sites came from the obser-
vation by Hartter and Barnea (20) that isolated synaptic termini
(e.g. synaptosomes) preloaded with radioactive 67Cu could rap-
idly release copper upon depolarization. These in vitro data
were corroborated by ex vivo studies by Gitlin and co-workers
(21), who observed that depolarization of hippocampal neu-
rons with KCl or stimulation through the N-methyl-D-aspar-
tate (NMDA) receptor caused trafficking of the copper
exporter ATP7A to the plasma membrane. NMDA stimula-
tion also caused efflux of radioactive copper, except in neu-
rons lacking ATP7A, suggesting that the mechanism of cop-
per release from stimulated hippocampal neurons requires
ATP7A (21, 22).

Work from our laboratory using XFM provided the first
direct imaging evidence for selective and dynamic copper
translocation upon neuronal stimulation, showing a redistribu-
tion of copper from the cell body to dendrites (23). Comple-

mentary visualization of copper fluxes was observed using
the fluorescent small molecule Coppersensor-3 (CS3), which
undergoes an increase in fluorescence intensity in the presence
of copper and provides evidence that mobile neural copper
involves labile copper pools. Furthermore, copper redistribu-
tion was dependent on calcium signaling, as neurons depolar-
ized in the presence of the calcium chelator 1,2-bis(2-amino-
phenoxy)ethane-N,N,N�,N�-tetraacetic acid (BAPTA) did not
show a redistribution of copper, suggesting that canonical cal-
cium signaling precedes copper signaling (23). Additional stud-
ies with Copper Fluor-3 (CF3), a copper sensor suitable for use
in tissue slices, demonstrated that cultured hippocampal neu-
rons and retinal tissue slices contain an endogenous labile pool
of copper that can be depleted by treatment with copper chela-
tors (24). Depletion of labile copper increased spontaneous
activity in these neural models, establishing a fundamental role
for copper in regulating normal neural function. Mechanisti-
cally, maintenance of the neural labile copper pool depends on
the copper import protein CTR1, as neurons isolated from
CTR1�/� mice contained lower levels of total and labile copper
and exhibited higher spontaneous firing, similar to neurons
acutely treated with copper chelators (24), leading to the spec-
ulation that CTR1 could serve in an “ion channel-like” role for
copper fluxes in certain contexts (Fig. 1). Taken together, these
data suggest that some neurons contain pools of labile copper
that are required for spontaneous firing and are mobilized dur-
ing neural depolarization, initiating a copper signal that is de-
pendent on calcium signaling.

The effect of copper signaling on neurotransmission has
been explored through studies of receptors exposed to exoge-
nous copper. Included are �-aminobutyric acid (GABA) (25–
27), NMDA (28, 29), �-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA) (30), and P2X (31, 32) receptors, as
well as voltage-gated sodium, potassium, and calcium channels
(33, 34). Beyond neurotransmitter receptors, an early predic-
tion by Crabtree (35) that copper could bind thiols to enable
olfactory function was validated in an elegant study by Zhuang
and co-workers (36) who showed that copper is required for
an odorant receptor in mice that senses a thiol-containing
pheromone.

Ultimately, the effect of copper on one or more proteins must
lead to a change in synaptic strength, activity, or plasticity in

Figure 1. Observations of copper signaling in mammalian biology. Left
(Neuron), upon depolarization, copper relocalizes from the cell body to den-
drites. Copper can be released from neurons by an unknown process requir-
ing ATP7A. Copper transporter 1 (CTR1) is an essential copper import channel
for copper cycling in neurons. Right (Macrophage), upon stimulation of Toll-
like receptors (TLRs), the copper exporter ATP7A moves from the Golgi to the
phagosome in a copper-dependent manner. ATP7A pumps copper into the
phagosome, leading to microbial death or requiring microbes to adapt to
high copper conditions.
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order for copper to impact neural output and behavior. In rat
hippocampal slices, application of as little as 1 �M CuCl2 inhib-
ited long-term potentiation (LTP) (37), a measure of the
strength of a synaptic connection, an effect also observed in rats
fed a high copper diet (38) or injected with copper (39). How-
ever, copper-mediated inhibition of LTP, measured at the cel-
lular level, does not correlate with memory loss, as rats injected
with copper show no defect in navigating a Morris Water Maze
(39). Recently, LTP in mouse amygdala slices was shown to be
suppressed by acute bath application of the extracellular copper
chelator bathocuproine sulfonate (BCS), suggesting that
endogenous extracellular copper is necessary for LTP (40).
Additionally, copper has been shown to lower the firing thresh-
old and increase spontaneous activity in the rat hippocampus
CA1 region, whereas copper chelation decreases spontaneous
activity (41). Finally, in addition to copper’s roles in learning
and memory, copper has also been shown to influence circadian
rhythm. Chelation of copper with BCS or tetrathiomolybdate
(TTM) from slices of circadian clock neurons caused �2.5–3-h
phase delays in circadian neuronal activity, which depended on
NMDA receptor activity (42). Interestingly, copper addition
also altered circadian rhythm, but in a manner independent of
NMDA receptor activity, suggesting a separate mechanism for
this effect (42).

Beyond impacting normal neural function, copper directly
interacts with cellular prion protein (PrPC), amyloid precursor
protein (APP), SOD1, and huntingtin (Htt), proteins involved
in spongiform encephalopathy, Alzheimer’s disease, amyo-
trophic lateral sclerosis (ALS), and Huntington’s disease (HD),
respectively. PrPC and APP bind copper through their extracel-
lular domains (43, 44), and PrPC may serve as a buffer for copper
binding in the extracellular space, perhaps at the synapse (45).
Indeed, expression levels of PrPC (43) and APP (46, 47) have
been shown to influence neural copper levels, placing PrPC and
APP in the network of proteins that regulate neural copper
homeostasis. Interestingly, copper also alters the activity of gly-
cogen synthase kinase 3� (GSK3�), an enzyme involved in reg-
ulating APP processing, linking copper to APP biology through
multiple mechanisms (48, 49). Additionally, pathological
aggregation of both APP and Htt may be mediated by copper
binding (50, 51). Indeed, Zhou and co-workers (51) showed
that when potential copper-binding residues on Htt were
mutated, changes in neural copper homeostasis no longer
influenced Htt aggregation, suggesting that copper levels
directly impact HD progression. Finally, aggregation of
mutant forms of SOD1, an enzyme that requires copper and
zinc cofactors for catalytic function, leads to ALS (52, 53),
and the disease course can be modulated by changes in die-
tary zinc and copper (54).

Copper homeostasis is intricately connected to health and
disease in the brain, and these connections have been estab-
lished on biochemical, physiological, and behavioral levels. For
detailed discussions of the role of copper in neurobiology, the
reader is referred to recent reviews by D’Ambrossi and Rossi
(55), Gaier et al. (56), and Opazo et al. (57). Although neu-
robiology has long hinted at the prospects of copper signal-
ing, the identification and study of copper signaling in other
tissues with more detailed study of specific molecular targets

are rapidly expanding. We now turn our attention to these
systems.

Copper in immunology: Toxin or resource?

Besides the brain, copper is mobilized in other cells and tis-
sues in response to a variety of stimuli, including infection. The
antimicrobial properties of copper have been appreciated for
centuries, and today, copper is used in medical devices to pre-
vent fouling from microbial growth (58, 59). Appropriately, the
mammalian immune system also uses copper’s toxicity to pre-
vent microbial growth. Innate immune cells, such as macro-
phages, respond to infection by internalizing microbes into ves-
icles called phagosomes, which rapidly acidify and are filled
with reactive oxygen species (ROS) and lytic proteins that kill
microbes (60). In a seminal study, Petris and co-workers (61)
showed that in response to bacteria or immune stimuli the
ATP7A copper exporter in macrophages moves to the phago-
somal membrane in a copper-dependent manner, suggesting
that copper is mobilized within immune cells during infection
and may be pumped into phagosomes as part of an immune
response (Fig. 1). Indeed, Escherichia coli cells lacking the bac-
terial copper exporter copA are less able to survive internaliza-
tion within macrophages than wildtype E. coli, but this deficit is
ameliorated when �copA E. coli cells are internalized within
ATP7A�/� macrophages (61). These data suggest that phago-
somal copper negatively affects bacterial growth, such that bac-
teria possess copper export machinery able to repel a copper
insult. A copper-sensing and export response has been
observed in a variety of bacterial pathogens, including Myco-
bacterium tuberculosis (62), Streptococcus pneumoniae (63),
and Salmonella enterica sv. typhimurium (64, 65), and copper
accumulation has been measured by XFM imaging of macro-
phages infected by Mycobacterium species (66).

Pathogenic yeast, including Candida albicans and Crypto-
coccus neoformans, may harness mobilized phagosomal copper
to augment virulence. Copper hyper-accumulation is necessary
for yeast virulence in some systems (67), and metallothionein, a
protein that sequesters and buffers copper, is up-regulated in
yeast during infection (68). Additionally, C. albicans can switch
from a Mn-SOD to a Cu,Zn-SOD under high copper conditions
(69), and it expresses a copper-only SOD at the cell surface that
may be metallated directly from copper in the phagosome (70).
Thus, the copper that the host cell injects into the phagosome
as a toxin becomes a resource that the pathogen uses to detoxify
ROS.

As copper mobilization is an integral part of the innate
immune response, manipulating labile copper within immune
cells may be a viable therapeutic for microbial infections. For
example, cellular treatment with the copper ionophore 8HQ
increases bioavailable copper within cells and reduces micro-
bial growth (17). Recently, a caged form of 8HQ, which may be
subsequently uncaged in the presence of ROS, was developed to
mobilize copper specifically within ROS-producing macro-
phages, resulting in higher microbial killing (71). As the need
for new antimicrobial compounds continues to increase, cop-
per may emerge as a valuable linchpin for gaining leverage over
microbial pathogens.
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Controlling cancer with labile copper

Metal dyshomeostasis and an oxidizing cellular environ-
ment are hallmarks of cancer cells (72, 73). As a result, sub-
stantial research has been dedicated to understanding and
manipulating copper in cancer to prevent cancer progres-
sion. Delivery of copper to cancer cells, for example as a
disulfiram complex (74) or bis(thiosemicarbazonato) com-
plex (e.g. Cu(Gtsm) (75)), takes advantage of the oxidizing
environment in cancer cells, which is less equipped to buffer
increases in copper, to cause cell death (76). Additionally,
systemic chelation of copper with TTM has shown positive
results in phase II clinical trials for the prevention triple-
negative breast cancer (TNBC) metastasis, a lethal step in
TNBC progression (77, 78).

Here, we emphasize the growing importance of copper in
cancer as a regulator of tumor cell proliferation. In cancer as
well as healthy cells, the mitogen-activated protein kinase
(MAPK) pathway is a signaling cascade that drives cellular
proliferation and differentiation. Activating mutations in
upstream components of the pathway, such as BRAFV600E, lead
to constitutive MAPK signaling, causing tumorigenesis and
tumor growth (79). At the terminus of the MAPK pathway,
MEK1/2 phosphorylates the MAPK protein (ERK1/2), which in
turn phosphorylates and activates various enzymes and tran-
scription factors. BRAF inhibitors are used to treat BRAF-mu-
tant cancers, but resistance commonly arises as cells acquire
activating mutations downstream, for example in MEK1/2 (80).
Foundational studies by Thiele and co-workers (81) in fly and
mouse cell models led to the discovery that copper is required
for MEK1/2 activity. Biochemical characterization demon-
strated that copper binds directly to purified MEK1/2, facilitat-
ing phosphorylation of recombinant ERK1/2 in vitro; con-
versely, copper chelation inhibits ERK1/2 phosphorylation in
vitro (81). Elegant work by Brady et al. (82) showed the physio-
logical importance of this copper–MAPK connection in a can-
cer setting. In melanoma cells carrying the oncogenic
BRAFV600E mutation, knockout of the copper importer CTR1
decreased phospho-ERK1/2 levels and inhibited cell prolifera-
tion. Restricting labile copper by oral administration of TTM to
mice for 2 weeks inhibited the growth of tumors from injected
BRAFV600E mouse embryonic fibroblasts or BRAF mutant
DM440 melanoma cells. Notably, TTM treatment was effective
against tumor cells expressing MEK1/2C121S, a mutation
known to confer resistance to tumors treated with BRAF inhib-
itors (82). Together, these studies reveal that labile copper can
play a key role in the growth of cancer and that restriction of the
labile copper pool can inhibit cancer growth by limiting
MEK1/2 activity, even in the presence of mutations known to
activate MEK1/2. The requirement of copper for full MEK1/2
activity suggests that cells or tissues may regulate copper pools
to tune the MAPK pathway, integrating a transition metal sig-
nal into traditional kinase signal transduction pathways (Fig. 2).
Indeed, manipulation of copper levels through administration
of copper chelators or ionophores may be an effective way to
modulate MAPK signaling, particularly in the context of com-
bination therapies for cancer.

Copper regulation of fat metabolism

Dysregulation of lipid metabolism is a symptom of dietary
copper deficiency or overload (83–85). Moreover, during the
progression of diet-induced non-alcoholic fatty liver disease,
liver copper levels decrease, and the expression of copper
homeostasis proteins is altered (86, 87). In addition to such
nutritional studies linking copper and fat metabolism, the
mouse model of Wilson disease, which lacks the copper
exporter ATP7B and accumulates copper in the liver, shows
changes in lipid metabolism in the liver before traditional Wil-
son disease symptoms, such as inflammation and liver failure,
appear (88). A liver-specific ATP7B knockout mouse develops
lipid dysregulation without inflammation, suggesting that met-
abolic symptoms may be directly linked to copper levels and not
a secondary symptom of liver inflammation observed in Wilson
disease (89).

Consistent with dietary and genetic studies linking long-
term changes in copper to changes in fat metabolism (90, 91),
work from our laboratory identified copper as a newly recog-
nized allosteric regulator of phosphodiesterase 3B (PDE3B), a
phosphodiesterase that controls lipolysis in adipocytes (92).
Lipolysis, the breakdown of triglycerides into glycerol and fatty
acids, may be induced in tissues and cells by treatment with
isoproterenol, which stimulates the �-adrenergic receptor and
induces a signaling cascade mediated by the second messenger
cyclic-adenosine monophosphate (cAMP). Elevated cAMP lev-
els stimulate protein kinase A (PKA), leading to downstream
events that culminate in lipid breakdown (93). Copper-defi-
cient adipose tissue isolated from ATP7B knockout mice and
stimulated with isoproterenol releases less glycerol and has
lower cAMP levels than isoproterenol-stimulated adipose tis-
sue isolated from healthy heterozygous siblings (92). In differ-
entiated 3T3-L1 cells, a cell culture model of white fat, copper
supplementation potentiated and copper chelation inhibited
isoproterenol-induced glycerol release, demonstrating that fat
metabolism is influenced by manipulation of the labile copper
pool. Additionally, the fluorescent copper sensor copper silicon
Rhodol 1 (CSR1), but not the control CSR1 analog lacking cop-

Figure 2. Copper-signaling pathways and molecular targets in mamma-
lian biology. Left (Cancer Cell), stimulation of growth factor receptors (GFRs)
or mutations in proto-oncogene protein B-Raf (BRAF) cause activation of the
MAPK pathway, leading to phosphorylation of mitogen-activated protein
kinase kinase (MAP2K1/2 or MEK1/2). MEK1/2 activation requires direct bind-
ing of cellular copper, which is supplied through the copper importer CTR1.
Fully activated MEK1/2 phosphorylates MAPK or ERK, leading to tumor
growth. Right (Adipocyte), activation of the �-adrenergic receptor (�-AR)
causes recruitment of a G-protein (Gs) and activation of adenylyl cyclase (AC).
Adenylyl cyclase converts adenosine triphosphate (ATP) to cyclic-adenosine
monophosphate (cAMP), which activates downstream pathways leading to
lipolysis. The pathway is shut down when cAMP is hydrolyzed by phosphodi-
esterase 3B (PDE). However, direct binding of copper to phosphodiesterase
inhibits cAMP hydrolysis and maintains activation of the lipolysis pathway.
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per-responsive binding groups, revealed an acute decrease in
labile copper after isoproterenol treatment within 5–10 min,
before the onset of fatty acid release, suggesting that changes in
labile copper are upstream of lipid breakdown (92).

Further characterization of the lipolysis signaling cascade
identified PDE3B, the phosphodiesterase responsible for
hydrolyzing cAMP to shut down lipolysis, as the molecular tar-
get of copper. Biochemical studies of PDE3B demonstrated
direct inhibition of PDE3B by copper binding to Cys-768, a
cysteine located away from the enzyme-active site, establishing
Cys-768 as the first example of a molecularly characterized
allosteric copper-binding site (92). Indeed, in cells expressing
PDE3B with a C768S mutation, changes in copper levels no
longer impacted isoproterenol-induced lipolysis. These data
revealed a copper signal that acts through allosteric modulation
of PDE3B to affect lipolysis in cells and animals, and the data
demonstrated the intersection of copper signaling with signal-
ing through the second messenger cAMP (Fig. 2). Together
with dietary and genetic studies, these biochemical studies sug-
gest that manipulation of copper levels may be a viable option
for influencing molecular pathways controlling fat metabolism
and treating diseases involving dysregulation of lipid homeo-
stasis. Indeed, a subsequent study by our laboratory using the
luciferin-based bioluminescent probe CCL-1 revealed a liver-
localized copper deficiency in a diet-induced model of non-
alcoholic fatty liver disease (87).

Conclusion

Copper signaling represents a canonical example of transi-
tion-metal signaling and illustrates the broad and growing
influence of this new paradigm on the health and disease of
diverse tissues and systems within mammalian organisms,
spanning neurobiology, immunity, fat metabolism, and cancer.
To date, multiple potential protein targets of copper signaling
have been identified, and an allosteric binding site that confers
dynamic copper responsiveness has been identified for the first
time in PDE3B (92). This work is accompanied by the observa-
tion of copper–MEK interactions that presage a potentially rich
copper kinome to mine (82). Efforts to rigorously identify the
molecular mechanisms of copper signaling in other tissues,
especially the brain, will advance the field of copper signaling by
connecting intriguing observations about copper-related phe-
nomena, such as learning and memory, to molecular targets
that may be subjected to pharmacological and/or genetic
manipulation.

As the field of copper signaling continues to mature, many
questions remain, including identifying the origins of copper
signals. In the brain, extracellular copper signals may be
released directly from the synapse (20). Interestingly, vesicular
storage and mobilization of copper have been observed in other
systems, including the algae Chlamydomonas reinhardtii,
which accumulate copper in acidocalcisomes and mobilize
stored copper under conditions of nutritional copper restric-
tion (94). In mammalian systems, intracellular copper traffick-
ing is influenced by the cell’s redox state (95), and changes in
redox state may be able to trigger mobilization of copper sig-
nals. Other storage sites for copper, which may serve as the
origin of copper signals, include the copper chaperones (96) or

small molecules such as glutathione (6). Continued efforts to
develop new technologies to image and characterize copper
pools in living systems will aid in addressing these outstanding
questions (14, 18, 97, 98).

In addition to exploring the origins of copper signals, the
ability to manipulate copper signaling may prove an effective
therapy, whether alone or in combination with existing thera-
pies, for diseases such as neurodegeneration, infection, cancer,
and obesity. Manipulation of copper levels may be achieved
most simply by adjustment of dietary copper intake, whereas
targeted delivery of copper supplements, chelators, or iono-
phores to specific organs could serve to mitigate potential tox-
icities associated with systemic changes to copper homeostasis.
Finally, this short discussion has focused on copper, but this
metal represents just one transition-metal signaling element in
the periodic table of life, and opportunities spanning chemistry,
biology, and engineering of metals will surely contribute to a
better global understanding of health, aging, and disease.
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The copper-containing superoxide dismutases (SODs) repre-
sent a large family of enzymes that participate in the metabolism
of reactive oxygen species by disproportionating superoxide
anion radical to oxygen and hydrogen peroxide. Catalysis is
driven by the redox-active copper ion, and in most cases, SODs
also harbor a zinc at the active site that enhances copper cataly-
sis and stabilizes the protein. Such bimetallic Cu,Zn-SODs are
widespread, from the periplasm of bacteria to virtually every
organelle in the human cell. However, a new class of copper-
containing SODs has recently emerged that function without
zinc. These copper-only enzymes serve as extracellular SODs
in specific bacteria (i.e. Mycobacteria), throughout the fungal
kingdom, and in the fungus-like oomycetes. The eukaryotic cop-
per-only SODs are particularly unique in that they lack an elec-
trostatic loop for substrate guidance and have an unusual open-
access copper site, yet they can still react with superoxide at
rates limited only by diffusion. Copper-only SOD sequences
similar to those seen in fungi and oomycetes are also found in
the animal kingdom, but rather than single-domain enzymes,
they appear as tandem repeats in large polypeptides we refer to
as CSRPs (copper-only SOD-repeat proteins). Here, we compare
and contrast the Cu,Zn versus copper-only SODs and discuss the
evolution of copper-only SOD protein domains in animals and
fungi.

Superoxide dismutase (SOD)2 was discovered in 1969 by
McCord and Fridovich (1) as a copper metalloprotein present
in bovine erythrocytes that can disproportionate superoxide
anion radicals with incredible catalytic efficiency (two-step
reaction below).

Cu(II) � O2
�� ¡ Cu(I) � O2

STEP 1

Cu(I) � O2
�� � 2H� ¡ Cu(II) � H2O2

STEP 2

Not long afterward, zinc was also detected in this cupropro-
tein, establishing mammalian SOD1 as a copper and zinc
bimetalloenzyme (2). Since the discovery of Cu,Zn-SODs, dis-
tinct classes of SODs that use iron, manganese, or nickel as
co-factors have been identified. These SODs are unrelated to
Cu,Zn-SODs in primary sequence and structure but share in
common the use of a redox-active metal co-factor to dispropor-
tionate superoxide (3). SODs protect cells from oxidative stress,
particularly in the removal of superoxide produced during
metabolism (4, 5), and also have key roles in cell signaling
through the local production of H2O2 (6 –8). In addition, many
SODs are virulence factors for pathogens, allowing them to sur-
vive the oxidative burst of macrophages and neutrophils at the
host–pathogen interface (9, 10).

Cu,Zn-SODs are the only SODs known to function as bimet-
alloenzymes, requiring copper for catalysis and zinc to enhance
catalytic efficiency and stabilize the protein (11–14). For many
decades, all members of this SOD family from bacteria to
humans were believed to require both copper and zinc. This
dogma was challenged first in 2004 with the discovery of a
mycobacterial copper-only SOD (15), and then in 2014 with the
identification of a large family of copper-only SODs in fungi
that not only lacked zinc but contained an unusually open-
access copper site (16). Very recent bioinformatics analyses
have revealed that copper-only SOD-like protein sequences
also occur as repeated protein domains in large molecules we
call CSRP (copper-SOD-repeat protein). In this review, we shall
compare and contrast the copper-only versus Cu,Zn-SOD pro-
teins and discuss the utility of the copper-only SOD protein
domain in biology.

Ubiquitous Cu,Zn-SODs

The bimetallic copper- and zinc-containing SODs are widely
dispersed in biology from bacteria to mammals and are found in
both intracellular and extracellular locations. Virtually all

This work was supported by National Institutes of Health Grant GM50016 (to
V. C. C.). This is the fourth article in the Thematic Minireview series “Metals
in Biology 2018: Copper homeostasis and utilization in redox enzymes.”
The authors declare that they have no conflicts of interest with the con-
tents of this article. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National Insti-
tutes of Health.

1 To whom correspondence should be addressed. Tel.: 410-955-3029; Fax:
410-955-2926; E-mail: vculott1@jhu.edu.

2 The abbreviations used are: SOD, superoxide dismutase; ESL, electro-
static loop; ALS, amyotrophic lateral sclerosis; MtSodC, M. tuberculosis
copper-only superoxide dismutase C; CSRP, copper-SOD repeat pro-
tein; ecSOD, extracellular Cu,Zn-SOD; NOX, NADPH oxidase; GPI,
glycosylphosphatidylinositol.

THEMATIC MINIREVIEW

4636 J. Biol. Chem. (2018) 293(13) 4636 –4643

© 2018 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

mailto:vculott1@jhu.edu


eukaryotes express an abundant intracellular Cu,Zn-SOD typ-
ically known as SOD1 (1–3, 17–19). This ubiquitous enzyme is
found in various intracellular compartments, primarily in the
cytosol (19) but also in the mitochondrial inter-membrane
space (20 –23), the secretory pathway (24, 25), and even the
nucleus (26, 27). SOD1 protects against oxidative damage from
metabolic sources of superoxide, including that from the mito-
chondrial respiratory chain, and also functions in cell signaling
involving its H2O2 product and peroxide-sensitive kinases and
phosphatases (6, 7). In the nucleus, SOD1 can participate in
controlling gene expression as has been shown in baker’s yeast
with gene responses to DNA damage and copper starvation
stress (26, 27). SOD1 is a highly abundant protein, and in
humans, mutant versions of SOD1 have been linked to an
inherited form of amyotrophic lateral sclerosis (ALS). SOD1
misfolding has been implicated in ALS disease, and many excel-
lent reviews have been written on this topic (28 –32).

Cu,Zn-SODs can also be found in extracellular locations, and
because superoxide does not generally cross biological mem-
branes, the substrate for the extracellular SOD must originate
outside the cell. Certain bacteria express Cu,Zn-SODs in their
periplasmic space (33–35), and in the case of pathogenic bacte-
ria, these SODs protect against the oxidative burst of the host
immune system (9, 10). Many eukaryotes also express a Cu,Zn-
SOD distinct from SOD1 that is extracellular. This so-called
ecSOD was first discovered by Marklund in 1982 (36) and is a
secreted tetrameric protein in extracellular fluid or anchored to
the extracellular matrix (3, 36 – 41). The superoxide substrate
for ecSOD is derived from NADPH oxidase (NOX) enzymes
(42) that are flavin- and heme-dependent transmembrane
enzymes that reduce oxygen to superoxide (42–44). Together,
ecSOD and NOX can function in signaling involving reactive
oxygen and reactive nitrogen species (8).

Cu,Zn-SODs can be homodimeric (SOD1), tetrameric
(ecSOD), or in rare cases monomeric (Escherichia coli SodC) (3,
45). Each monomer has several landmark features as follows: a
Greek key �-barrel fold; highly conserved copper- and zinc-
binding residues; a conserved disulfide; active-site arginine; and

an extended loop VII, also known in eukaryotic Cu,Zn-SODs as
the electrostatic loop (ESL) (46). The catalytic copper in the
oxidized Cu(II) state is coordinated in a distorted square planar
geometry to an axial water molecule and four histidines, one of
which (His-63 in the case of yeast and human SOD1) also coor-
dinates zinc (Fig. 1). For the purpose of this review, we shall
refer to this bridging His-63 as the “dynamic” histidine based
on its on-and-off coordination to copper during catalysis. As
superoxide is oxidized in the first step of catalysis, the dynamic
bridge between His-63 and copper is broken as Cu(II) is
reduced to Cu(I) and detached from His-63, resulting in a trig-
onal planar geometry for Cu(I). The zinc co-factor remains
bound to the dynamic His-63 during catalysis and is addition-
ally coordinated to two other histidines and an aspartate (Fig. 1)
(46 –48). Although zinc does not directly interact with the
superoxide substrate during catalysis, its coordination with the
dynamic His-63 assists in the re-oxidation of Cu(I) to Cu(II) in
the second step of catalysis and accounts for the large pH inde-
pendence of SOD activity (11, 12, 14, 49). The zinc co-factor is
also important for stabilizing protein structure (13, 14, 50).
Additional invariant features of Cu,Zn-SODs include an inter-
molecular disulfide (48) and an active-site arginine (Arg-143 in
SOD1) positioned at the end of the ESL, which attracts and
stabilizes the anionic superoxide substrate over the copper-
metal center (Fig. 1) (51). With many charged amino acids
residing in the ESL, it is believed to create an electrostatic net-
work to funnel the highly solvated superoxide into the active
site and accounts for the remarkably rapid rates of superoxide
disproportionation (37, 51–54). The ESL is also believed to play
a role in stabilizing copper and zinc binding through a network
(or series) of hydrogen bonds (11, 50).

Bacterial copper-SOD functions without zinc

For 35 years following the discovery of Cu,Zn-SODs, all cop-
per-containing SOD enzymes were thought to require zinc.
However, in 2004 the copper-containing SodC from Mycobac-
terium tuberculosis (MtSodC) was reported to lack zinc and to
function with only a single copper atom (15). This copper-only

Figure 1. Active site of Cu,Zn versus copper-only SODs. Left and right, comparison of Saccharomyces cerevisiae Cu,Zn-SOD1 (left) and C. albicans copper-only
SOD5 (right) active site with key features highlighted as follows: Greek key �-barrel core (tan), ESL (yellow) with SOD1 Asp-124, active-site arginine (SOD1
Arg-143 and SOD5 Arg-159), disulfide loop (blue) with cysteines as yellow spheres, copper ion (blue), and zinc ion (green) with coordinating residues labeled by
number. The dynamic histidine (SOD1 His-63 and SOD5 His-93) is orange, and SOD5 Glu-110 and Asp-113 are cyan and green. Dotted lines represent hydrogen
bond networks and small red spheres represent water molecules.
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SOD retains the Greek key �-barrel backbone of Cu,Zn-SODs
as well as the same copper-coordination site, disulfide, active-
site arginine, and extended loop VII covering the active site
(equivalent to the ESL in eukaryotic Cu,Zn-SODs). However,
MtSodC is missing the two non-dynamic histidines needed to
bind zinc, with one substituted with an alanine and one missing
due to a seven-amino acid deletion in the zinc loop (15). Struc-
tural analyses indicate zinc is missing from the active site of
MtSodC (15).

As mentioned above, the zinc co-factor in Cu,Zn-SODs
promotes pH independence in the enzyme and assists in SOD
folding/stability. As would be expected for a zinc-less SOD,
MtSodC demonstrates diffusion-limited catalysis from pH 6.0
to 8.0, but catalytic efficiency rapidly decreases above pH 8.0
(15). Because M. tuberculosis can exist in environments of low
pH, e.g. the macrophage phagolysosome (55), this sensitivity to
alkaline pH is likely a non-issue. To circumvent the require-
ment for zinc in protein stability, MtSodC shows an altered
dimer interface with a long and rigid loop that is thought to
stabilize the protein (15). Copper-only SodC is the only
periplasmic SOD in M. tuberculosis and has been shown to pro-
tect the pathogen from the superoxide bursts of NOX enzymes
in activated macrophages (56).

Of note, many SodC sequences in the Mycobacterium genus
appear to lack the same zinc-binding histidines, indicating that
diverse species of Mycobacterium SodCs are copper-only (15).
Even so, within the eubacterial kingdom, copper-only SOD
enzymes appear unique to the Mycobacterium genus, as all
other periplasmic SODs characterized to date have both copper
and zinc (9, 34, 45, 57).

Copper-only SOD in a fungal pathogen

Fungal pathogens, like bacteria, utilize their extracellular
SODs as a first line of defense against superoxide generated by
macrophage and neutrophil NOX enzymes (9). One of the best
studied cases is the extracellular SOD5 from the opportunistic
fungal pathogen, Candida albicans (58). C. albicans expresses
three extracellular SODs (SOD4 – 6) that are members of the
Cu,Zn-SOD family and are linked to the cell wall through GPI
anchors (59). Of these, SOD5 is the most abundantly expressed
in numerous models of candidiasis (60 –65) and contributes to
virulence in a mouse model of disseminated candidiasis (58).
The enzyme is induced during the transition to the hyphal fila-
mentous form required for host invasion (58, 66) and protects
C. albicans from the superoxide burst of macrophages and neu-
trophils (63, 67– 69). For many years, SOD5 was described as a
bimetallic Cu,Zn-SOD (58, 66).

In 2014, three-dimensional structure and biochemical anal-
yses of C. albicans SOD5 revealed that it is not a canonical
Cu,Zn-SOD (16). Although SOD5 shares the overall Greek key
�-barrel fold of Cu,Zn-SODs and exhibits a similar copper-
binding geometry, it is missing the same two zinc-binding his-
tidines as M. tuberculosis SodC, although in this case both due
to amino acid substitutions, not deletions. Furthermore, SOD5
is missing an extensive portion of the ESL/loop VII (Fig. 1) (16).
The absence of ESL sequences creates a uniquely open active
site where copper is much more accessible to solvent. Attempts
to load SOD5 with zinc were unsuccessful, demonstrating that

SOD5 functions with a single atom of copper and no other
metals (16). Despite such striking deviations from canonical
Cu,Zn-SODs, copper-only SOD5 is an extremely efficient SOD
enzyme capable of disproportionating superoxide at maximum
rates approaching diffusion limits, 1.8 � 109 M�1 s�1 at pH 6.0
(16, 70).

How does copper-only SOD5 function in the absence of zinc
and the ESL? As mentioned above, zinc promotes pH-indepen-
dent catalysis of Cu,Zn-SODs through interactions with the
dynamic histidine that also binds Cu(II) (11, 12, 14, 49). In lieu
of zinc, the dynamic His-93 of copper-only SOD5 interacts with
a conserved glutamate (Glu-110) in the active site (Fig. 1). Dis-
ruption of this interaction through Glu-110 mutations alters
the orientation of the dynamic His-93 and dramatically de-
creases the pH range of activity (70). Thus, SOD5 Glu-110
appears to act analogous to zinc, interacting with and correctly
orienting the dynamic His-93 to promote rapid catalysis up to
pH 8 (70).

The absence of the ESL is perhaps the most striking feature of
fungal copper-only SODs, as this highly charged loop was pre-
viously reported to be critical for substrate guidance and effi-
cient catalysis in Cu,Zn-SODs (51–54). Despite no ESL, SOD5
shows a strong catalytic dependence on ionic strength, indica-
tive of an alternative form of electrostatic substrate guidance
(16). In Cu,Zn-SOD1, the ESL also helps stabilize the copper
site through interactions involving ESL Asp-124 and copper
coordinating His-46 (Fig. 1, left) (11, 50). In copper-only SOD5,
the equivalent copper coordinating His-75 interacts with SOD5
Asp-113 through a hydrogen bond network (Fig. 1, right). Evi-
dence indicates that Asp-113 in the SOD5 active site helps cir-
cumvent the need for the ESL in stabilizing copper binding (70).
Interestingly, Asp-113 is invariant among all copper-contain-
ing SODs reported to date; in Cu,Zn-SODs, this aspartate is a
zinc ligand and in copper-only SODs the aspartate functions
through interactions with the copper site. This re-purposing of
Asp-113 together with Glu-110 represents novel adaptations in
the active site of eukaryotic copper-only SODs.

Of note, the features of Glu-110 and Asp-113 described
above for fungal SOD5 may not extend to prokaryotic copper-
only SODs. Mycobacterium SodC retains loop VII/ESL
sequences and shows similar loop VII– copper site interactions
as seen with Cu,Zn-SOD1 (15). There is no equivalent to SOD5
Glu-110 in mycobacterial SodC; instead, the invariant aspartate
(equivalent to SOD5 Asp-113) interacts with the dynamic his-
tidine (15, 70). MtSodC appears to be a hybrid of Cu,Zn and
fungal copper-only SODs.

What is the advantage of expressing a copper-only SOD ver-
sus a bimetallic Cu,Zn-SOD? Clues may be obtained from
examining the metallation process. In mammals, the extracel-
lular Cu,Zn-SOD acquires copper and zinc in the secretory
pathway and arrives at the cell surface in an enzymatically
active form (71, 72). By contrast, characterization of C. albicans
SOD5 indicated that the apoprotein is secreted without copper
and is only activated upon scavenging copper from the extra-
cellular environment (16). The open active site may help pro-
mote such capture of copper outside the cell. With no zinc site,
mis-metallation events, such as copper migrating to the zinc
site as is seen with Cu,Zn-SODs (49), are obviated. Additionally,
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the copper site of C. albicans SOD5 appears refractory to mis-
metallation by non-native metals such as zinc (16). As such,
enzyme activity remains intact regardless of fluctuations in
environmental zinc. The copper-only design may indeed be
advantageous to controlling enzyme maturation outside the
cell.

Role of copper-only SODs in fungal pathogenesis and
signaling

Copper-only SODs are widely distributed throughout the
fungal kingdom and, in all cases examined thus far, are pre-
dicted to be extracellular and attached to the cell wall through
GPI anchors (70). Like C. albicans SOD5, all fungal extracellu-
lar SODs lack zinc binding and ESL sequences and retain the
equivalents to Glu/Gln-110 and Asp-113 at the active site. Cop-
per-only SODs are found in many fungal pathogens where they
combat the oxidative burst of the host and promote virulence,
as has been seen with C. albicans, the pulmonary pathogen His-
toplasma capsulatum (73), and systemic mycosis pathogen
Paracoccidioides brasillienssis (74). Because of their extracellu-
lar location, fungal copper-only SODs may be uniquely posi-
tioned with their open active site to acquire copper from the
host (16). Curiously, copper-only SODs are also found in non-
pathogenic fungi that are not subject to host oxidative attacks,
such as the Tuber melanosporum truffles fungus (70). With
these non-pathogens, the SODs may react with superoxide
derived from the fungus itself, similar to how copper- and zinc-
containing ecSODs partner with NOX enzymes in mammals as
part of signaling through reactive oxygen and reactive nitrogen
species (see above). Multicellular fungi are indeed known to use
NOX enzymes to signal differentiation (75–77).

Unlike multicellular organisms, unicellular microbes are not
generally thought to use NOX enzymes and extracellular SODs
for signaling. However, we recently found that copper-only
SOD5 from unicellular C. albicans can act in signaling involv-
ing ROS and a fungal NOX enzyme known as FRE8 (78). C. albi-
cans FRE8 and SOD5 together generate H2O2 that can help
drive morphogenesis of the fungus into an invasive filamentous
state (78). Therefore, SOD5 can react with superoxide gener-
ated from either the host or the fungal pathogen itself. During
infection, one can envision a “superoxide superstorm,” with
ROS coming from both the host and the fungal sides of the
infection battleground and SOD5 operating at the interface
(Fig. 2).

SOD5-like protein domains in animals

We have searched for SOD5-like proteins outside of the fun-
gal kingdom. Our definition of a SOD5-like protein is one with
the predicted Greek key �-barrel fold of the Cu,Zn-SOD family,
including the copper site, disulfide, and active-site arginine but
lacking sequences for zinc binding and the ESL and retaining
SOD5 equivalents to Glu-110 and Asp-113. The only non-fun-
gal organisms that express �20 –30-kDa (predicted molecular
mass of mature protein) SOD5-like SODs are oomycetes, a line
of heterokont eukaryotes distantly removed from the fungal
kingdom (Fig. 3A). As with fungi, the oomycete proteins are
predicted to be secreted GPI-anchored extracellular SODs (70).
Oomycetes are derived from photosynthetic microbes and are

thought have acquired genetic material through horizontal
gene transfer from a fungal ancestor (79 –81). Copper-only
SODs were apparently carried over as part of this genetic
transfer.

Interestingly, SOD5-like protein sequences are also found in
specific classes of animals but not in any plants, protists,
archaea, or eubacteria we could identify (Fig. 3A). As with fungi
and oomycetes, the animal proteins are largely predicted to be
extracellular with GPI anchors and to exhibit the signatures of
SOD5-like SODs defined above. However, in animals the
SOD5-like protein sequences are not 20 –30-kDa SOD
enzymes but rather protein domains in much larger polypep-
tides of �100 kDa we define as CSRP (copper-only SOD repeat
proteins). An example is illustrated in Fig. 3C with CSRP of the
zebrafish Danio rerio (XP_001343650.5). The protein is pre-
dicted to contain four tandem repeats of SOD5-like SOD
domains separated by very short linkers. Each domain contains
the Greek key �-barrel fold structure, disulfide cysteines,
active-site arginine, and equivalents to SOD5 Glu/Gln-110 and
Asp-113, except for domain four, which has a methionine
instead of the Glu-110 equivalent. All but the fourth domain
retain the four copper-binding histidines (Fig. 3C, top and mid-
dle). The ESL is missing, as is the zinc site in all four domains of
the zebrafish CSRP. Modeling of zebrafish CSRP shows how
similar each domain is to the C. albicans SOD5 prototype,
including the positioning of the predicted copper site in
domains 1–3 (Fig. 3B and 3C, bottom). It is curious that the
fourth domain is very similar to SOD5 in overall fold and posi-
tioning of the disulfide and active-site arginine but has no cop-
per site (Fig. 3C, middle and bottom). This identical pattern of

Figure 2. Copper-only SODs can react with superoxide from both the
host and fungal pathogen. Shown is a model depicting a fungal copper-
only SOD at the host–pathogen interface where it can react with superoxide
from host NOX (macrophages or neutrophils) or from fungal NOX. The H2O2
generated may be used in signaling as has been shown for C. albicans where
copper-only SOD5 and the FRE8 NOX promote morphogenesis of the fungus
(78).
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three copper-binding repeats followed by a fourth non-
copper– binding domain appears preserved within the class
of bony fishes/Osteichthyes, e.g. CSRPs from red piranha
(XP_017575212.1), common carp (KTF72519.1), and Atlantic
salmon (XP_014036762.1).

CSRPs occur throughout the animal kingdom from the uni-
cellular Capsaspora owczarzaki (KJE90024.1) to diverse marine
invertebrates and insecta to vertebrate teleosts. In fact, at least
one study looking at the evolution of SODs remarks on the
presence of repeated SOD domains in Anopheles gambiae (82).
These CSRPs have been annotated widely as Cu,Zn-SODs, but

they are clearly more related to fungal copper-only SODs.
Expression of the transcripts have been analyzed, e.g. the Pacific
oyster Crassostrea gigas CSRP (83) (EKC41617.1), and the pro-
teins are produced as has been shown in proteomic analysis of
placozoans (XP_002114624.1, Uniprot. No. B3S3A9) (84).
Interestingly, CSRPs are not uniformly distributed in animals,
and to date all CSRPs we have identified are in aquatic organ-
isms and winged insects. We have yet to identify CSRP in
lunged animals, e.g. avians, reptiles, and mammals. The signif-
icance of this distribution is currently not understood as the
function of these curious SOD-like repeat proteins remains a

Figure 3. Evolution of copper-only SOD domains. A, phylogenetic tree of the distribution of copper-only SOD5-like domains in animals, fungi, and oomy-
cetes (purple). B, three-dimensional structure of C. albicans apo-SOD5 is shown above the schematic of the full-length native protein where the N- and
C-terminal sequences for secretion and GPI anchorage are in light gray and the Greek key �-barrel domain is depicted as an oval with active-site arginine (R),
copper site, disulfide cysteines (S–S), and active-site Glu-110 and Asp-113 (ED). C, top, schematic of the predicted full-length D. rerio zebrafish (Zf) CSRP
(XP_001343650.5) where the individual SOD5-like domains and key features are highlighted using the same scheme as for C. albicans SOD5 in B, bottom. D. rerio
CSRP contains additional sequences at the N terminus (dark gray) of unknown nature. The �-site for the GPI anchor is predicted to be at residue 955. C, middle,
alignment of the individual SOD5-like domains of D. rerio CSRP against C. albicans SOD5. The copper-binding histidines are in blue; disulfide is in purple;
active-site arginine is in black; and positions equivalent to SOD5 Glu-110 and Asp-113 are in green. The overall amino acid identity and similarity compared with
SOD5 is as follows: CSRP_D1, 33% identity and 51% similarity; CSRP_D2, 30 and 47%; CSRP_D3, 31 and 56%; and CSRP_D4, 27 and 43%. C, bottom, each of the
four SOD5-like domains were modeled onto C. albicans SOD5 using the MPI bioinformatics toolkit (93, 94). The most C-terminal repeat (CSRP_D4) is lacking a
copper site but retains the predicted overall fold as well as other hallmark features of copper-only SOD5-like domains, as indicated.
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mystery. Do these multidomain CSRPs function similarly to
their smaller, single-domain fungal counterparts in dispropor-
tionating superoxide, or have they evolved with an entirely dis-
tinct activity in animals? The possible function of animal CSRPs
in the metabolism or sensing of reactive oxygen species and/or
metals is worthy of investigation.

Concluding remarks

The eukaryotic copper-only SOD protein is not just a single
unit SOD enzyme, but a protein domain conserved in evolution
since the split of animals and fungi �1.5 billion years ago (Fig.
3A). In virtually all cases examined so far, including fungi,
oomycetes, and animals, the copper-only SOD-like protein is
predicted to be outside the cell, therefore serving in some
capacity involving the environment. The fungal copper-only
SOD enzyme is as fast as its Cu,Zn-SOD sister and can protect
fungal pathogens from host oxidative insults as well as operate
in signaling processes involving fungus-derived superoxide.
The function of animal CSRPs is currently unknown, but there
is precedence for diversification of small copper-binding pro-
teins. For example, copper-binding ATX1/ATOX functions as
either a single-domain �8-kDa copper chaperone (85, 86) or as
one of three domains in the copper chaperone CCS (87, 88) or
as repeated protein domains in copper-transporting ATPases
(89 –92). Similarly, the SOD5-like copper-binding domain may
have been diversified in evolution to function in numerous
capacities for metal and redox homeostasis.
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Cytochrome c oxidase (COX) was initially purified more than
70 years ago. A tremendous amount of insight into its structure
and function has since been gleaned from biochemical, biophys-
ical, genetic, and molecular studies. As a result, we now appre-
ciate that COX relies on its redox-active metal centers (heme a
and a3, CuA and CuB) to reduce oxygen and pump protons in a
reaction essential for most eukaryotic life. Questions persist,
however, about how individual structural subunits are assem-
bled into a functional holoenzyme. Here, we focus on what is
known and what remains to be learned about the accessory pro-
teins that facilitate CuA site maturation.

Cytochrome c oxidase is a multisubunit enzyme of dual
genetic origin

COX2 is a member of the A1 subgroup of a diverse superfam-
ily of heme-copper oxidases. Embedded in the inner mitochon-
drial membrane, it is a multimeric protein complex composed
of structural subunits that are encoded by two distinct
genomes. The three largest of these, COX1–3, are mitochon-
drially encoded and form the catalytic core of the enzyme.
COX1 contains the two heme (a and a3) moieties and a mono-
nuclear CuB center, all of which are buried within the lipid
bilayer in the fully assembled holoenzyme. COX2 harbors a
mixed valence, binuclear CuA site within a cupredoxin fold that
is localized to the intermembrane space (IMS) and is solvent-
exposed. The CuA site accepts electrons from cytochrome c,
and subsequent electron transfer steps to the heme a and then
the heme a3–CuB metal centers of COX1 ultimately allow COX
to convert molecular oxygen to water. Four protons are
pumped across the membrane during each catalytic cycle and
contribute to the electrochemical gradient that is required for
aerobic ATP production. The catalytic core is surrounded by a
variable number of nuclear-encoded structural subunits (8 in
yeast and 11 in humans), which function collectively to stabilize

the holoenzyme, provide sites for the allosteric modulation of
its catalytic activity, and facilitate its organization into higher
order structures termed supercomplexes or respirasomes (1, 2).
High resolution structures of mammalian COX (3) and of eight
mammalian respirasomes that contain COX (4) have been
invaluable to advancing our understanding of how inter-sub-
unit interactions impinge upon enzyme activity and dimeriza-
tion and the integration of COX into higher order structures.

COX is assembled in a modular fashion

COX assembly is a very complex process that requires the
stoichiometric expression of its nuclear- and mitochondrially-
encoded subunits and the ordered incorporation of its heme
and copper prosthetic groups. The basic blueprint that defines
the steps and mechanisms that facilitate COX assembly within
the inner mitochondrial membrane has been derived almost
exclusively from studies of mutant yeast strains and cell lines
from patients who presented with an isolated COX deficiency.
Elegant work done by Nitjmans et al. (5) in the late 1990s estab-
lished that the individual structural subunits of COX are
matured and assembled in modules, with the formation of three
assembly intermediates (S1–S3) preceding the biogenesis of
the mature holoenzyme (S4). Subsequent studies identified the
existence of unique maturation modules specific to COX1,
COX2, and COX3 (6, 7) and challenged the exact subunit compo-
sition of individual modules and the order in which they are added
to the assembling holoenzyme (8). However, the original concept
that COX is built using a modular blueprint remains intact.

Maturation of individual modules and progression through
the various stages of holoenzyme assembly requires a surpris-
ingly large number of accessory proteins, termed COX assem-
bly factors. Pioneering studies of yeast nuclear petite (PET)
mutant collections identified more than 30 different comple-
mentation groups that encode for gene products with unique
functions in holoenzyme biogenesis (9, 10), many of which are
conserved in humans (11). At least six of these complementa-
tion groups encode for accessory proteins crucial to the matu-
ration of COX2 and the metallation of its CuA site (Table 1).
Additionally, evolutionarily conserved COX assembly factors
with poorly characterized functions like COA5 (12, 13) and
CMC2 (14, 15) may also function in this pathway. Pathogenic
mutations in COX2 (16 –18), COX20 (19, 20), COA6 (21–23),
SCO1 (24 –26), and SCO2 (27, 28) all cause severe, early onset
forms of fatal disease because of an isolated COX deficiency
(Table 1). Characterization of human cell lines in which COX20
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(29), COA6 (23), SCO1 (30), or SCO2 (31, 32) function is
impaired indicates stalling of COX assembly always occurs at
the S2 stage, when fully matured COX2 is normally inserted
into the assembling holoenzyme. Loss of function mutations in
the remaining COX assembly factors with putative (OXA1L) or
established (COX17 and COX18) roles in COX2 maturation
have yet to be described in COX-deficient patients (Table 1),
despite candidate gene screening (33, 34) and the advent of next
generation sequencing technologies, suggesting that such vari-
ants may be embryonic lethal in humans. Consistent with this
idea, Cox17 deletion in the mouse results in a severe COX defi-
ciency at embryonic day 6.5 and lethality shortly thereafter (35).
The clinically diverse forms of fatal disease caused by mutations
that compromise the function of any member of the COX2
assembly module (Table 1) means that there is great interest
from a biomedical perspective in defining the precise roles of
the individual COX assembly factors, and identifying how they
collaborate with one another at various stages as COX2
matures. Such insight, once garnered, will be equally fascinat-
ing from a basic biological point of view, for it will clarify how
each step in COX2 maturation ultimately leads to the metalla-
tion of its CuA site.

Co-translational insertion of apo-COX2 into the inner
membrane is paired with the translocation of its N
terminus into the IMS

COX2 is a polytopic protein with two transmembrane
domains whose N and C termini protrude into the IMS.
Because of its inherent hydrophobicity, COX2 insertion into
the inner membrane is always coupled to mRNA translation. In
yeast, a long 5�-untranslated leader sequence is recognized by
the translational activator Pet111, which recruits COX2 mRNA
to specific ribosomes (Fig. 1A). Mammalian COX2 mRNA is
essentially devoid of a 5�-untranslated leader sequence, and
searches for the ortholog of Pet111 based on amino acid identity
have proved fruitless. However, it has long been postulated that
mammalian mitochondrial mRNAs contain recognition motifs
within their coding sequences that are similarly vital to their effi-
cient translation, and this is now known to be true at least for
COX1 (36), raising the intriguing possibility that a mammalian-
specific COX2 translational activator remains to be discovered.

Co-translational insertion of yeast Cox2 into the membrane
also requires Oxa1, a member of the conserved YidC/Alb3/
Oxa1 family of insertases (37). The C terminus of Oxa1 inter-
acts with the large ribosomal subunit in close proximity to the
polypeptide exit tunnel where it promotes protein insertion
into the inner membrane (38, 39). Oxa1 function in this regard

is aided by Mba1, which acts to tether ribosomes to the inner
membrane on the matrix side of the leaflet (Fig. 1A) (40). The
human homolog of Oxa1, OXA1L, also physically interacts
with mitochondrial ribosomes via its C-terminal tail (41, 42)
and is able to restore COX assembly in an OXA1 null yeast
strain, arguing that Oxa1-dependent insertion of the N-termi-
nal transmembrane domain of Cox2 and the simultaneous
translocation of its N terminus into the IMS is an evolutionarily
conserved function (Fig. 1B) (43). However, OXA1L knock-
down in HEK293 cells leads to a diminution in the abundance of
complexes I and V rather than COX (44). This has led to the
suggestion that in mammals COX20 may be sufficient for inser-
tion of the N-terminal transmembrane domain of COX2, given
that its hydrophilic N terminus is shorter than that of yeast
Cox2 and does not require proteolytic processing upon mem-
brane insertion (45). Further studies of OXA1L are required to
discriminate between these distinct mechanistic possibilities,
but they are challenged by its broad function as an insertase of
subunits of multiple complexes of oxidative phosphorylation.

COX20 stabilizes apo-COX2 in the inner membrane to
protect it from degradation and promote the export of
its C terminus into the IMS by COX18

Although the mechanisms that facilitate export of the N-ter-
minal tail of mammalian COX2 remain unclear, recent studies
emphasize that COX20 fulfills an essential, evolutionarily con-
served role during the early stages of COX2 maturation (Figs. 1
and 2). COX20 contains two transmembrane domains with N
and C termini that also protrude into the IMS (29) and serves as
a chaperone, stabilizing the newly synthesized polypeptide and
protecting it from degradation (29, 46). Consistent with this
idea, deletion of COX20 in either yeast (46) or human (29) cells
results in rapid COX2 turnover. In yeast, Cox20 interacts with
Cox2 and Mba1 at the ribosome (Fig. 1A) (47). Cox20 then
presents the pre-protein to an inner membrane peptidase com-
plex, which cleaves the N-terminal yeast leader sequence within
the IMS to yield mature apo-Cox2 (Fig. 1A) (48).

Cleavage of the N-terminal leader sequence results in Mba1
dissociation from the Cox20 –Cox2 complex (47) and the sub-
sequent recruitment of Cox18, which promotes the insertion of
the C-terminal transmembrane domain and concomitant
export of the long soluble C-terminal tail of Cox2 (Fig. 2A) (49).
In yeast, deletion of COX18 stalls Cox2 maturation and leads to
the accumulation of a species in which the N-terminal trans-
membrane domain is inserted into the membrane, and the
leader sequence has been cleaved (50). Deletion of COX18 in
human cells similarly leads to the accumulation of a stalled

Table 1
COX2 and COX assembly factors required for polypeptide maturation and CuA site formation

Gene Function Clinical course(s) of disease

COX2 Catalytic core Myopathy (16), encephalopathy (17), multisystem disorder (18)
OXA1L N-terminal insertase? NAa (33)
COX18 C-terminal insertase NA (34)
COX20 Chaperone Dystonia and ataxia (19)
COX17 IMS Cu trafficking NA (35)
COA6 CuA site maturation Hypertrophic cardiomyopathy (21, 22)
SCO1 CuA site maturation Hypertrophic cardiomyopathy and encephalopathy (24), hepatopathy (25), encephalopathy (26)
SCO2 CuA site maturation Hypertrophic cardiomyopathy and encephalopathy (27, 28)

a NA means not applicable.
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COX2–COX20 complex (45). Although COX18 belongs to the
OXA1 protein family (50), COX2 is its only known substrate in
both yeast and mammals (45). Yeast experiments in which
Oxa1 was overexpressed in a COX18 null strain failed to restore
growth on a non-fermentable carbon source even though
some export of the C-terminal tail of Cox2 was observed,
emphasizing that Cox18 translocates the tail across the
membrane and delivers it in a state competent for metalla-
tion of its CuA site (51). In yeast, Cox18 depends on a phys-
ical association with two additional factors, Mss2 and Pnt1
(50, 52), for its function, although it is thought that COX18
acts alone in mammals to promote insertion of the C-termi-
nal transmembrane domain of COX2 and the export of its
tail into the IMS (Fig. 2B) (45).

COA6, SCO1, and SCO2 form a metallochaperone
module that interacts with the COX20 –COX2 complex to
metallate the CuA site

Following the export of its C-terminal tail into the IMS,
COX2 remains bound to COX20 and is competent for CuA site
metallation (29, 45). Physical interaction studies indicate that
dissociation of COX18 from the COX20 –COX2 complex coin-
cides with the recruitment of a metallochaperone module com-
posed of SCO1, SCO2, and COA6 (45). This trio of proteins
then functions as a collective to deliver and insert copper into
the CuA site (Fig. 3), the ligands for which are two conserved
cysteines, two histidines, a glutamate, and a methionine con-
tained within a cupredoxin fold (53).

Metallation of the CuA site of COX2 by its metallochaperone
module requires a dedicated upstream copper donor within the
IMS, and COX17 fulfills this role in both yeast and humans (Fig.
3). COX17 was the first member to be identified from a surpris-
ingly large family of soluble proteins with twin CX9C motifs
localized to the IMS (54). The cysteinyl sulfurs of these twin
CX9C motifs are recognized by the MIA40 –ERV1 import path-
way within the IMS, which oxidizes them to form a pair of
disulfide bonds that convert an intrinsically disordered protein
into one with a helical hairpin structure (55–58). Mutagenesis
studies in yeast revealed that two additional conserved cys-
teines at the N terminus of Cox17 are responsible for the coor-
dination of Cu(I) ions (59, 60). Results from a comprehensive
suite of functional genetic experiments argue that COX17
receives its copper from an evolutionarily conserved, labile
Cu(I) pool that is housed in the matrix (61). Although Cobine
and co-workers (62, 63) have provided some important insight
into how Cu(I) is trafficked to and within mitochondria, the
mechanisms that regulate IMS copper translocation and trans-
fer to COX17 have yet to be identified. It is clear, however, that
both yeast Cox17 and human COX17 transfer copper to both
SCO1 and SCO2 (Fig. 3). Elegant work from Winge and co-
workers (64) used in vitro and in vivo copper transfer studies
to demonstrate that Cox17 requires a cysteine within one of
its twin CX9C motifs, Cys57, to be competent to transfer
copper to Sco1. Equally elegant work by Bertini and co-
workers (65) used NMR to directly demonstrate that COX17
transfers Cu(I) to both SCO1 and SCO2 and that this copper

Figure 1. Co-translational insertion of COX2 and export of its N terminus. A, in yeast, Pet111 binds to Cox2 mRNA to stimulate its translation. Translation
is coupled with polypeptide insertion into the inner mitochondrial membrane (IMM), in a process that is facilitated by both Oxa1 and Mba1. The C terminus of
Oxa1 interacts with the large ribosomal subunit, and its interaction with Mba1 positions it near the exit tunnel where Oxa1 promotes Cox2 insertion and export
of its N terminus into the IMS. Cox20 interacts with Mba1 and Cox2 to stabilize and prevent degradation of the pre-protein. The N terminus of the pre-protein
is then proteolytically processed to yield mature Cox2 by a peptidase complex composed of Imp1, Imp2, and Som1. B, in mammals, the hydrophilic N terminus
of COX2 is much shorter than that of yeast Cox2, and it does not require proteolytic processing upon membrane insertion. Although OXA1L physically interacts
with mitochondrial ribosomes and functions as an insertase, questions remain about whether it promotes co-translational insertion of COX2 into the IMM or
whether this function is fulfilled by COX20. The outer mitochondrial membrane is represented by the dashed line in both panels.
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transfer step to SCO1 may be coupled to electron transfer,
which serves to reduce the copper-binding site and promote
ligand exchange.

SCO1 and SCO2 are paralogs that must be able to bind cop-
per to promote CuA site maturation (30, 31, 66). Both proteins
were originally identified in yeast as high copy suppressors of a
COX17 point mutant strain (54). Subsequent studies, however,

found that only deletion of SCO1 resulted in an inability to grow
on a non-fermentable carbon source (67, 68), and until recently,
the function of yeast Sco2 remained unknown (see below) (69).
Both SCO proteins bind Cu(I) via a conserved CXXXC motif
and a conserved histidine (70, 71) and rely on an additional
conserved aspartate residue to coordinate Cu(II) (71). One cop-
per atom is bound per monomer, and mutations that impair

Figure 2. Insertion and export of the C terminus of COX2. A, in yeast, insertion and export of the C-terminal transmembrane domain of Cox2 requires recruitment
of Cox18 to the Cox2–Cox20 complex. The insertase function of Cox18 then depends on its physical association with Mss2 and Pnt1. B, in mammals, COX18 is similarly
recruited to the COX2–COX20 complex where it is thought to function alone to promote insertion of the C-terminal transmembrane domain of COX2 and export of its
C terminus into the IMS. The outer mitochondrial membrane is represented by the dashed line in both panels. IMM, inner mitochondrial membrane.

Figure 3. CuA site maturation of COX2. In yeast (A) and mammals (B), Cox17 and COX17, respectively, transfer Cu(I) ions to Sco1/SCO1 and Sco2/SCO2 to load
the metallochaperone module. Because SCO1 and SCO2 are homodimers (30), this requires two successive rounds of COX17-dependent Cu(I) delivery to fully
metallate each protein. In vitro studies support a model whereby copper-loaded SCO2 functions as a thiol-disulfide oxidoreductase to reduce the cysteinyl
sulfurs of COX2 (66), in a reaction that converts Cu(I) (pink circle) to Cu(II) (purple circle) and requires COA6 function in vivo. In yeast, reduction of the cysteinyl
sulfurs of Cox2 also requires Coa6 and Sco2, as well as Cox12 (69). Whether the human homolog of Cox12, COX6B, is similarly important for CuA site maturation
is unclear. Upon priming of the cysteinyl sulfurs of Cox2/COX2, the CuA site is metallated by Sco1/SCO1. Whether other evolutionarily conserved COX assembly
factors with poorly defined roles in COX assembly also participate in CuA site maturation remains unknown. The outer mitochondrial membrane is represented
by the dashed line in both panels. 1MM, inner mitochondrial membrane.
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Cu(I) or Cu(II) binding result in a non-functional SCO protein,
arguing that this property is crucial to their roles in COX
assembly (71). The importance of copper binding to SCO1
function is emphasized by two parallel studies that both found
the pathogenic P174L substitution in SCO1 severely compro-
mises COX17-dependent copper transfer (72, 73). Whether
mutations in SCO2 also impair copper transfer from COX17
remains unclear. However, the most common pathogenic var-
iant of SCO2, SCO2 E140K, rescues the COX deficiency in
SCO2 patients when overexpressed, arguing that it is compe-
tent for metallation (31).

Although SCO1 and SCO2 are part of the same metallochap-
erone module, each protein physically interacts with COA6 (23,
69, 74) to fulfill a distinct function during the metallation of the
CuA site of COX2 (Fig. 3) (30, 31, 66). Yeast studies were the
first to show that Sco1 physically interacts with Cox2 (75) and
map the functional interaction between the two proteins to a
conserved sequence motif within loop 8 of Sco1 (76), which is
solvent-exposed and undergoes structural rearrangement
when Sco1 transitions from an apo- to a metallated conformer
(77). Mutations in residues within this loop 8 motif do not affect
physical interactions with Cox17 or copper binding, arguing
that Sco1 uses distinct interfaces to interact with Cox17 and
Cox2 (76). Pulse-chase labeling of mitochondrial translation
products in human cells established that impaired SCO1 func-
tion did not affect COX2 synthesis but resulted in accelerated
turnover of the newly synthesized protein (73). In contrast,
COX2 synthesis is greatly reduced in SCO2 patient cells, yet the
residual protein that is made is much more stable than in con-
trol cells (31). These results led Shoubridge and co-workers (31)
to propose that SCO2 acts upstream of SCO1 to stabilize newly
synthesized COX2, and that the subsequent maturation of
COX2 is contingent upon the formation of a ternary complex
containing both SCO proteins and COX2. However, it is now
clear that another small, soluble twin CX9C motif-containing
protein, COA6, is also an essential part of the metallochaperone
module that associates with the COX20 –COX2 complex to
catalyze copper insertion into the CuA site of COX2 (Fig. 3) (23,
45, 69, 74, 78).

The fine mechanistic details of CuA site metallation in higher
eukaryotes remain to be collected, but recent years have yielded
a wealth of new information that brings much sharper focus to
how the metallochaperone module functions as a unit. Elegant
work from Vila and co-workers (66) has established that SCO1
and SCO2 are sufficient for CuA site maturation in vitro, with
SCO2 functioning as a thiol-disulfide oxidoreductase to reduce
the cysteinyl sulfurs of COX2 and SCO1 acting as the copper
donor. However, in this system SCO2 performs its redox func-
tion in a copper-bound state rather than through a simple dis-
ulfide-exchange reaction (66), and questions remain with
respect to the fate of its Cu(II) ion after SCO2 acts as an electron
donor (Fig. 3). The cysteines of the CXXXC motif of SCO1 also
exist as a mixed population composed of both oxidized disul-
fides and reduced thiols in vivo (26, 31), and how the cysteinyl
sulfurs of SCO1 are oxidized to drive copper insertion into the
CuA site in the IMS is also unclear. Excitingly, the findings from
a flurry of recent studies strongly suggest that COA6 might in
fact bridge these distinct aspects of SCO1 and SCO2 function to

directly support CuA site maturation. COA6 is reported to be a
copper-binding protein (23, 74), raising the intriguing possibil-
ity that it might transition from an apo- to a copper-loaded
conformer upon SCO2-dependent reduction of the cysteinyl
sulfurs of the CuA site. Consistent with this idea, human COA6
and SCO2 form a complex that is essential for COX2 matura-
tion and COX assembly (74) and a yeast COA6/SCO2 double
mutant is less fit than the single mutants when grown on a
non-fermentable carbon source, arguing that SCO2 and COA6
fulfill overlapping functions in CuA site metallation (69). Yeast
Coa6 and human COA6 also physically interact with both
Cox2/COX2 and Sco1/SCO1, and these interactions are crucial
for the stability of newly synthesized polypeptide (23, 69).

Future directions

Our current understanding of mammalian COX2 matura-
tion and CuA site metallation involves at least four distinct
stages (Figs. 1–3). First, the N-terminal tail of COX2 is exported
into the IMS as its N-terminal transmembrane domain is
inserted into the inner membrane, in a translocation reaction
that may involve OXA1L and/or COX20 but that has yet to be
fully defined (1, 45). Second, COX20 associates with COX2 as it
is co-translationally inserted into the membrane to stabilize the
polypeptide and prevent its degradation. COX18 then pro-
motes the simultaneous insertion of the C-terminal transmem-
brane domain of COX2 and translocation of its C-terminal tail
into the IMS. Third, COX18 release from the COX20 –COX2
complex coincides with the recruitment of the metallochaper-
one module composed of SCO1, SCO2, and COA6. Finally, the
metallochaperone module functions collectively to reduce the
cysteinyl sulfurs of COX2, with a SCO1 homodimer (30) insert-
ing two copper ions into COX2 that it originally received from
COX17 to form the CuA site. Whether COA6 oxidizes the
CXXXC motif of SCO1 to promote insertion of copper into the
CuA site, thereby priming its cysteinyl sulfurs to accept copper
from SCO2, and whether this copper is in turn transferred to
apo-SCO1 to prime SCO1 for a subsequent round of metalla-
tion are important, open, and exciting questions.

Despite the tremendous recent progress, many other ques-
tions remain with respect to the maturation of COX2 and the
biogenesis of its CuA site. The first, and most obvious, question
is whether the full complement of proteins that participates in
this process has been identified. The twin CX9C motif-contain-
ing family of proteins contains a surprisingly large number of
soluble factors that are essential for COX assembly in yeast (14),
and several of these, including Cmc1 (79), Cox19 (80), and
Cox23 (81), are conserved in humans and have been shown to
play a role in mitochondrial copper metabolism. However,
recent studies indicate that all three of these factors fulfill
important functions in delivering copper to COX1 rather than
COX2 (82–84). Other family members with poorly understood
but evolutionarily conserved roles in COX assembly, such as
CMC2 and COA5, nonetheless remain and may facilitate CuA
site maturation directly or indirectly by regulating IMS copper
trafficking (Fig. 3). It is equally plausible that unrelated or novel
mammalian-specific factors relevant to this process have yet to
be identified.
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A second critical question is whether the relative timing and
composition of protein constituents that make up the various
subassembly modules critical to COX2 maturation and CuA
site formation are constant. For example, it remains to be seen
whether the metallochaperone module is homogeneous in its
composition or whether there is dynamic exchange of proteins
in and out of this module as COX2 is matured. This is an impor-
tant consideration because there is some discord in the litera-
ture with respect to the COX assembly factors that have been
identified within this module using affinity purification meth-
ods (Ref. 26 versus Ref. 78). However, it is important to note that
some of these discrepancies may be explained by inter-lab var-
iation in methodology, which may favor the enrichment and
therefore capture of one complex over another (e.g. 35S-pulse-
chase labeling protocols (45)). The mitochondrial proteome
also differs across tissues (85, 86), and it is therefore worth
considering the underexplored possibility that the constituents
of the COX2 assembly module may in fact be specific to differ-
ent cell types and/or species (11).

Other, more nuanced but equally important mechanistic
questions also persist, independent of the complement of pro-
teins that catalyzes CuA site maturation and its relative conser-
vation across cell types. Why, for example, do both SCO pro-
teins need to be able to coordinate Cu(I) and Cu(II), and how
does this relate to the biogenesis of the mixed valence, binuclear
CuA site? Redox functions have also been proposed for both
human SCO1 (87) and SCO2 (31) based on in vivo and struc-
tural data, yet teasing apart the functional significance of their
redox and copper-binding properties to CuA site maturation
has yet to be realized. In fact, our general knowledge of redox
homeostasis in the IMS and its impact on the redox state of
cysteinyl sulfurs critical to protein function remains limited
(88, 89). Beautiful work from Riemer and co-workers (88) has
established that the IMS is not an oxidizing environment as was
once thought and that its glutathione pool in fact exhibits the
same redox potential as that of the cytosol. However, they have
since demonstrated that thiol oxidation occurs within the
reducing environment of the IMS because glutaredoxin levels
are rate-limiting (89). The potential interplay between glutare-
doxin and the metallochaperone module has obvious but as yet
poorly understood consequences for maturation of the CuA
site. More specifically, it remains unclear whether glutaredoxin
abundance may be altered within the IMS and, if it can be, how
this may impinge upon the redox state of cysteines within the
CXXXC motif of SCO proteins and those within the twin CX9C
motifs of COA6 to modulate the function of the metallochap-
erone module. We impatiently await the mechanistic insight
that will be afforded by future studies that tackle these big and
small questions.
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Plants and their green cousins cyanobacteria and algae use
sunlight to drive the chemistry that lets them grow, survive, and
perform an amazing range of biochemical reactions. The ability
of these organisms to use a freely available energy source makes
them attractive as sustainable and renewable platforms for more
than just food production. They are also a source of metabolic
tools for engineering microbes for “green” chemistry. This The-
matic Minireview Series discusses how green organisms capture
light and protect their photosynthetic machinery from too
much light; new structural snapshots of the clock complex that
orchestrates signaling during the light/dark cycle; challenges for
improving stress responses in crops; harnessing cyanobacteria
as biofactories; and efforts to engineer microbes for “green”
biopolymer production.

In the natural world, we are familiar with plants and their
aquatic relatives the algae and cyanobacteria, mostly for their
natural beauty and as a source of food, fuel, fibers, and feeds. As
the world population grows to �9 billion by 2050, our reliance
on photosynthetic organisms for traditional uses will only
increase; however, opportunities for using plants, algae, and cya-
nobacteria as sources of chemicals currently derived from fossil
fuels, for the discovery of new biological chemistry, for large-scale
production of biopharmaceuticals, and as tools for minimizing
environmental inputs and impact also promise to help meet the
challenges of a future that will push the need for sustainable and
renewable solutions to the limit (1–4). Understanding the funda-
mental biological chemistry of green organisms and how we can
apply those insights will contribute to economic development,
environmental sustainability, nutritional security, and bioenergy
and biomaterial production worldwide.

The warmth and light of the sun are key ingredients for life on
our world. The basics of photosynthesis and how plants turn
different parts of metabolism on and off with day and night are
part of our childhood science educations (or should be!), but
many molecular details in these processes are still being discov-
ered. In the first Minireview, Magdaong and Blankenship (5)
focus on the light-harvesting complexes that maintain efficient
capture of light and energy storage under “normal” conditions
and how their role changes during excessive light conditions to
protect the photosynthesis system from damage. They high-

light how the evolutionary diversity of photosynthetic organ-
isms offers various strategies for photoprotective quenching
mechanisms and the implications for improving photosyn-
thetic efficiency by manipulating these systems.

With the light, comes darkness as well as the circadian
rhythms that allow organisms to globally coordinate physiolog-
ical changes over the day/night cycle. In the second Minireview,
Swan, Golden, LiWang, and Partch (6) summarize recent work
that reveals the molecular architecture of the “clock” complex
that provides a timing mechanism in response to different sig-
nals. How the core clock proteins (KaiABC) form the complex,
interact with input/output proteins (i.e. SasA, CikA, and RpaA),
and oscillate in both assembly and post-translational modifica-
tions over 24 h were examined in a series of structural and
biochemical studies. These dynamic changes in assembly alter
output signaling. This Minireview highlights nature’s elegant
molecular solution to timekeeping and offers a glimpse of how
temporal regulation of gene expression is achieved.

While turning light into chemicals and timing shifts in
metabolism, plants are also using small molecules as signals for
growth and development, as chemical building blocks, and as
defense compounds. In the third Minireview of the series, Joshi,
Singla-Pareek, and Pareek (7) provide a snapshot of how our
expanding understanding of basic plant biology can help
enhance plant biomass by engineering abiotic stress responses.
In particular, interactions between plants and microbes that
promote plant growth, the transcriptional and metabolic net-
works that build cell wall materials, and the crosstalk between
phytohormone signaling pathways are highlighted. Emerging
knowledge in these areas could help solve one of the major
challenges in agriculture— how to maintain crop production
under adverse and/or changing environmental conditions.

The last two Minireviews of the series discuss the possibili-
ties of engineering downstream metabolic processes in photo-
synthetic cyanobacteria and moving biosynthetic pathways
into other “chassis” organisms. Knoot, Ungerer, Wangikar, and
Pakrasi (8) review recent efforts to use photosynthetic microbes
for conversion of carbon dioxide into a variety of biomolecules
of economic value. The authors emphasize the unique metab-
olism of cyanobacteria that connects light-driven metabolism
to a variety of biotransformations. In a complementary Minire-
view, Anderson, Islam, and Prather (9) highlight work to pro-
duce sugar-based biopolymers. Traditionally, these biopoly-
mers are derived from natural sources such as plants but in
complex mixtures. The ability to transfer biosynthetic machin-
ery into microbes amendable to synthetic biology approaches
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offers the possibility of generating “green” biopolymers in sim-
pler systems for uses ranging from therapeutic delivery to adhe-
sives to food additives and stabilizers.
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Light-harvesting complexes (LHCs) serve a dual role in pho-
tosynthesis, depending on the prevailing light conditions. In low
light, they ensure photosynthetic efficiency by maximizing the
light absorption cross-section and subsequent energy storage.
Under excess light conditions, LHCs perform photoprotective
quenching functions to prevent harmful chemical species such
as triplet chlorophyll and singlet oxygen from forming and dam-
aging the photosynthetic apparatus. In this Minireview, various
photoprotective quenching mechanisms that have been identi-
fied in different photosynthetic organisms are surveyed and
summarized, and implications for improving photosynthetic
productivity are briefly discussed.

Photosynthesis is the process by which photosynthetic
organisms transform light energy into chemical energy, which
powers essentially all life on Earth (1). Light is absorbed by
(bacterio)chlorophylls ((B)Chls),2 bilins, and carotenoids (Cars) in
antenna pigment–protein complexes and transferred to the
reaction center (RC), the site of primary charge separation (2).
Although the overall features of the RC are similar in various
organisms, the antenna complexes for light harvesting are
extremely diverse and highly dependent on where the organism
lives (3, 4). This is because organisms can adapt to the quality
and amount of light available to them. However, under condi-
tions that limit RC productivity, such as high light or other
stress conditions, light harvesting must be modulated to pre-
vent excess excitation from reaching the RC. The most rapid
mechanisms involve the safe dissipation of excess energy as
heat, also observed as a reduction in fluorescence, in the process
collectively known as non-photochemical quenching (NPQ)
(5). NPQ is a general term that includes mechanistically distinct

processes that almost certainly have independent evolutionary
origins. The molecular mechanisms of antenna fluorescence
quenching are still not completely understood, partly because
they differ depending on the antenna system and the organism
from which they originate (6, 7). Some of these mechanisms
overlap in certain organisms, which has evolutionary implica-
tions (8). The overall concept of photoprotective quenching is
illustrated in Fig. 1. In this Minireview, protective quenching
components and mechanisms in various photosynthetic organ-
isms are discussed.

Green bacteria

The green photosynthetic bacteria are composed of the dis-
tantly related green sulfur Chlorobiaceae and green filamen-
tous anoxygenic Chloroflexaceae (9). The green bacteria and an
aerobic Acidobacterium, Chloracidobacterium (Cab.) thermo-
philum (10), have a light-harvesting antenna called the chloro-
some. Chlorosomes consist of a large number of aggregated
BChls (c, d, or e) enveloped by a lipid monolayer with some
proteins and a Bchl a-containing CsmA protein called the base-
plate in addition to carotenoids, lipids, and quinones (11, 12).
Chlorosomes are remarkable in that the BChl aggregates self-
assemble without a protein scaffold. The energy absorbed by
the chlorosomes is transferred to the reaction center (a type I
iron–sulfur cluster for Chlorobi and Cab. thermophilum; type
II for Chloroflexi), which in Chlorobi and Cab. thermophilum is
mediated by the molecular wire known as the Fenna-Mat-
thews-Olson (FMO) complex (13). The FMO complex is trim-
eric in structure, with each monomer enclosing seven BChl a
molecules in mostly �-pleated sheet polypeptides and an eighth
BChl a located between the monomer interfaces (14, 15).

Under oxidizing conditions, green sulfur bacteria have a
redox-regulated fluorescence quenching at the level of the
light-harvesting complexes that inhibits energy transfer to
the reaction center (9, 16). Quinones mediate this fluorescence
quenching (17), which was observed to be much stronger in the
chlorosomes from Chlorobaculum tepidum than in Chloro-
flexus aurantiacus (17, 18), presumably due to the chlorobium
quinone that is present only in Chlorobi. It may be that the
quenching mechanism is attenuated in Chloroflexi because
they are found in oxic habitats, compared with the strictly
anaerobic Chlorobi. However, addition of exogenous quinones
to whole cells of Cfx. aurantiacus showed specific quenching of
BChl c, and the effect is similar to that observed in the green
sulfur bacteria (19). Subsequently, the quenching effect of chlo-
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robium quinone was suggested to be associated with the 1�-oxo
group in the molecule (20). Chlorosomes from Cab. thermophi-
lum, which has menaquinone-8, also exhibit fluorescence
quenching under oxic conditions (21), despite being in aerobic
environments.

BChl c radicals have also been detected in oxidized chloro-
somes and implicated in the quenching process (22). However,
it was suggested that BChl c radicals are possibly artifacts of the
extraction process, when considering that the fluorescence
quenching effect is larger in the isolated chlorosomes than in
whole cells (23). Another proposed mechanism of photoprotec-
tion in chlorosomes involves BChl triplet state quenching,
because BChl triplets are able to sensitize the formation of
harmful singlet oxygen species (12). In this regard, carotenoids
are important molecules that either directly quench BChl trip-
lets or scavenge any singlet oxygen produced. In chlorosomes,
however, the photoprotection function of carotenoids was
found necessary for the baseplate BChl a rather than the BChl
aggregates (24). Another mechanism that may protect chloro-
somes is the formation of triplet excitons that arise from the
interactions among the closely packed BChl pigments (25).

Similar to the chlorosomes, the FMO complex also exhibits
redox-dependent quenching, although the mechanism of
action is different. Spectroscopic experiments have shown that
the fluorescence lifetime of the protein shortens to �60 ps
under oxidizing conditions as opposed to the �2-ns lifetime
observed under reducing conditions (26). The quenching
mechanism is different from that in the chlorosomes as it is
proposed to be mediated by cysteine residues located near the
lowest energy BChl a molecules (BChls 2 and 3) (27). The pro-
posed mechanism is such that under oxidizing conditions, the
cysteine thiol is converted to a thiyl radical that abstracts an
electron from the excited BChl a to safely dissipate excess

excitation: R� � BChl a*3 R� � BChl a .�3 R� � BChl a �
heat. These findings point to a simple yet elegant approach of
regulating excitation energy in a photosynthetic light-har-
vesting antenna. Fig. 2A illustrates the quenching mecha-
nisms in green bacteria.

Cyanobacteria and red algae

Cyanobacteria are oxygenic prokaryotes that have water-
soluble extramembrane light-harvesting antenna complexes
called phycobilisomes (PBs). Phycobilisomes are composed of
phycobiliproteins that covalently bind linear tetrapyrrole pig-
ments called bilins, as well as linker proteins (28). Phycobili-
somes have a core made up of allophycocyanin (APC), from
which phycocyanin (PC) rods project. In some organisms, the
rods also contain phycoerythrin (PE), in addition to PC.

Blue-green light-induced quenching of PB fluorescence in
cyanobacteria is mediated by the orange carotenoid protein
(OCP) (29), as shown schematically in Fig. 2B. OCP contains a
non-covalently bound ketocarotenoid, which in the inactive
orange form (OCPo) traverses both the N- and C-terminal
domains (NTD and CTD) (30). Photoactivation converts OCPo

into the red form (OCPr), with the protein undergoing substan-
tial conformational changes and domain rearrangements (31–
33) that may lead to a �12-Å pigment translocation into the
NTD (34). The OCPr then binds to the phycobilisome and
quenches excitations of the bilins before they are transferred to
chlorophylls. The overall process of OCP regulation has been
intensely studied (35, 36), although the physical mechanism of
excited-state quenching of bilins is still not certain. Recent
dynamic crystallography data provide a glimpse into the initial
events of OCP photoactivation (37). It is proposed that there is
a transient keto-enol shift upon photoactivation that disrupts
the interactions between the conjugated carbonyl group of the

Figure 1. Generalized diagram of light-harvesting regulation under normal and stress conditions. Quenching centers (Q) are formed in the light-
harvesting antenna to dissipate excess excitation safely as heat (red wiggly arrows) during stress conditions. LH, light-harvesting antenna; RC, reaction center;
e, electron; violet circle, electron donor; orange circle, electron acceptor.
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carotenoid �1 ring and the protein, which in turn drives the
separation of the N- and C-terminal domains. Previously, it was
suggested that the rotation of the �-ionylidene ring drives the
structural rearrangement (38), but what exactly leads to the
global structural rearrangement remains to be determined.
OCP was shown to burrow into the APC core of the PB, bring-
ing the carotenoid in close proximity to the excited bilin for
quenching (39). OCP-PB binding is reversible with OCP
detachment from the PB aided by the fluorescence recovery
protein (FRP) (40). Although FRP was previously found to bind
to the CTD of OCPr, the latest mass spectrometry results sug-
gest that FRP also interacts with the NTD after CTD binding
(41) and that facilitates the bridging of the two domains to
recover the compact OCPo. Although OCP has been widely
studied, there are still unresolved questions, such as the site and
the mechanism of quenching by the carotenoid. The site has
been narrowed down to the APC core (29, 42) with either APC
660 or 680 as the quenching site (43–45). Several hypotheses
have been proposed for the carotenoid-mediated quenching:
charge transfer (46, 47) and energy transfer from the APC-ex-
cited bilin to Car followed by internal conversion to the ground
state (42, 48), yet there is no experimental evidence to confirm
the involvement of any of these mechanisms. In addition to PB
fluorescence quenching, OCP has also been shown to quench
damaging singlet oxygen in the thylakoid membranes under
strong orange-red light when OCP is not activated (49).

A non-OCP-related PB quenching was recently reported (50)
using single molecule spectroscopy. Results from this study
suggest a novel strategy for cyanobacterial photoprotection
that is light-controlled. Fluorescence data show that PBs have
multiple intrinsic channels in its subunits and that quenching
can occur in any of them, although the core is the frequent
target. This is a unique mechanism that provides rapid photo-
protection before the OCP mechanism is activated.

Other photoprotective mechanisms operating in cyanobac-
teria involve high-light–inducible (Hli) and iron starvation-in-
ducible (IsiA) proteins. Cyanobacterial Hlips, or small Cab-like
proteins, are single helix proteins that bind Chl a, which are
ancestors of the LHC superfamily (51). Hlips are not involved in
light harvesting but are necessary for cyanobacterial survival
under high light illumination and other stress conditions (52–
54). In particular, Hlips are suggested to have a photoprotective
role related to Chl biosynthesis and PSII assembly (55). Energy
dissipation in Hlips occurs via direct energy transfer from the
Chl a Qy excited-state to the carotenoid (�-carotene) S1 state
based on transient absorption data (56). This study provided
the first direct experimental evidence for such a mechanism.
Subsequently, transient absorption studies on purified FLAG-
tagged chlorophyll synthase (f.ChlG) with high-light–inducible
proteins HliD/C also confirmed the Chl a to Car energy transfer
at room and cryogenic temperatures (57). Resonance Raman
spectroscopy identified two forms of �-carotene in Hlips, oneFigure 2. Schematic illustration of quenching mechanisms in selected

organisms. A, quenching in green bacteria located in chlorosomes and FMO
complex under oxidizing conditions. For clarity, only the macrocyclic rings
(cyan) of the various BChl a molecules of FMO are shown numbered 1– 8, with
the Cys residues (C49 and C353) involved in the redox-regulated quenching.
BChl, bacteriochlorophyll; Car, carotenoid; RC, reaction center. B, cyanobacte-
rial orange carotenoid protein (OCP)-mediated quenching of phycobilisome
fluorescence after activation by blue-green light. OCPO, orange form; OCPR,
red form; FRP is fluorescence recovery protein. C, components of NPQ in

higher plants upon acidification of the lumen, including PsbS protonation,
violaxanthin (Viola) to zeaxanthin (Zea) conversion by VDE, and subsequent
formation of quenching centers that dissipate excess excitation energy as
heat.
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of which has a twisted conformation that lowers its S1 energy
and may act as the quencher (58).

During iron starvation conditions, cyanobacteria produce
the IsiA protein (59), which forms a ring around photosystem I
trimers (60). IsiA is a pigment–protein complex with high
sequence similarity to CP43, a core antenna of PSII, containing
Chl a and carotenoids (61). IsiA uncoupled to PSI exhibits
quenching of Chl a fluorescence, with carotenoids previously
identified as energy dissipators via transfer of Chl a Qy to the
carotenoid S1 state (62, 63). In these studies, however, no spec-
tral signature from the carotenoid was observed in the transient
absorption data but otherwise incorporated in the fitting mod-
els, by assuming that the quencher cannot be sufficiently pop-
ulated due to a slow rate of Car–Chl a transfer. More recently,
results from Chen et al. (64) have shown that the quenching
mechanism does not involve the carotenoids and is instead reg-
ulated through Chl a–protein interactions by cysteine residues
in the IsiA protein. This is analogous to the redox-dependent
quenching mechanism first observed in the FMO complex (27)
from green sulfur bacteria and now appears to be present in an
oxygenic photosynthetic organism as well. It remains to be
determined how prevalent Cys-regulated quenching mecha-
nisms are in nature.

Red algae have two light-harvesting antennas, phycobili-
somes and LHCI complex that are connected to the RCs of PSII
and PSI, respectively (65). Red algae do not have OCP, however,
and little is known about their photoprotection mechanisms.
Decoupling of PE from the PB core was proposed as a strategy in
Porphyridium cruentum, according to single molecule fluores-
cence data (66). State transitions involving PB mobility remain
a matter of debate in cyanobacteria (67) but were shown to be
important for the mesophilic red algae P. cruentum and Rho-
della violacea (68). In the thermophilic red algae (Cyanidium
caldarium and Cyanidioschyzon merolae), NPQ is the main
mechanism for excess energy dissipation, but it is located in the
PSII reaction center and not the antenna (68, 69).

Green algae, moss, and diatoms

In higher plants, NPQ is constitutive, whereas in green algae
it is inducible and takes effect after a few hours of high-light
exposure or decreased CO2 supply (70, 71). NPQ in eukaryotic
algae is regulated by the light-harvesting complex stress-related
(LHCSR) protein (72), an ancient member of the LHC family
that binds Chls (a and b) and xanthophylls (73). In Chlamy-
domonas reinhardtii, two types are expressed: constitutive
LHCSR1 and high-light–induced LHCSR3 (72, 74). In addition
to LHCSR, C. reinhardtii has nine LHCBM (1–9) genes that
code for LHCII, each with distinct roles and a different involve-
ment in NPQ (75–77), which will not be detailed here. The VAZ
xanthophyll cycle involving the enzymatic conversion of violax-
anthin 3 antheraxanthin 3 zeaxanthin by violaxanthin de-
epoxidase also plays a role in green algae NPQ. However,
zeaxanthin-dependent NPQ in green algae is highly variable
depending on the organism (78).

A proposed model (70) for NPQ activation in C. reinhardtii
begins with light-harvesting complex stress-related 3 expres-
sion under high light, followed by association with PSII-LHCII
to form the PSII–LHCII–LHCSR3 supercomplex. LHCSR3

protonation occurs upon acidification of the lumen that leads
to the formation of the quenching center. The quenching
mechanism was proposed to be due to charge transfer from Chl
to Car (73).

In a recent study, it was determined that LHCSR3 production
is induced by the blue light phototropin receptor (79). Using a
mutagenesis approach, the pH-sensing region was localized to
the C terminus of LHCSR3, as it is particularly rich in acidic
residues that can be protonated (80). More recently, this has
been narrowed down to three (Asp-177, Glu-221, and Glu-224)
residues (81). Although LHCSR associates with PSII, it can also
move to PSI as shown by Allorent et al. (82). After heterologous
overexpression in Nicotiana sp., LHCSR1 was shown to bind
Chl a only and that it is involved in NPQ (83). In vivo studies in
C. reinhardtii were conducted using a “minimal NPQ cell” lack-
ing PSI and PSII to demonstrate that LHCSR1 was also pH-sen-
sitive and that it induces LHCII quenching (84), which supports
the previous observation of NPQ in an LHCSR3-lacking mutant
(85). Results from single molecule spectroscopy revealed the pres-
ence of two dissipative states in LHCSR1, controlled by pH and
carotenoid composition (86).

Although C. reinhardtii has the gene for the photosystem II
subunit S (PsbS), it does not express the protein (71). PsbS was
expressed in C. reinhardtii, and it was determined that PsbS
affects the induction of the LHCSR3 mechanism in green algae
(87). However, PsbS alone is not enough to carry out LHCSR-
regulated NPQ.

LHCSR genes are also present in moss and diatoms, but not
in higher plants. The moss Physcomitrella patens utilizes both
LHCSR and PsbS proteins in NPQ, in addition to the xantho-
phyll cycle (88). LHCSR-dependent quenching was shown to be
enhanced by zeaxanthin binding to LHCSR (89), which is not
the case for green algae (73). Because mosses are evolutionary
intermediates between algae and higher plants, the presence of
both LHCSR and PsbS-mediated NPQ mechanisms provides
some insight into the evolution of photosynthesis from aquatic
to land environments (6).

The diatom Phaeodactylum tricornutum has an LHCSR
ortholog denoted LHCX1 protein that controls NPQ (51), but
with a few differences. Unlike LHCSR3, it is expressed consti-
tutively and is most likely not a pH sensor because there are
no lumenal residues that can be protonated (90). The pres-
ence of flexible and rapid quenching mechanisms is essential
for diatoms because they are found in highly fluctuating light
environments. In addition to LHCX, NPQ in diatoms is de-
pendent on a variant of the xanthophyll cycle activated by
light-driven �pH, involving the de-epoxidation of diadinox-
anthin to diatoxanthin (DT). DT binds to LHCX to induce
the aggregation and formation of quenching centers (6, 91).
Based on time-resolved fluorescence data, the following two
quenching centers were proposed: Q1 found in detached
LHC oligomers and Q2 located in LHCX–DT–PSII (92).
Exactly how DT is involved in the quenching is still not clear
(6, 91). LHCX1 involvement in antenna aggregation and
altered pigment interactions was recently shown in Cyclo-
tella meneghiniana (93).
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Higher plants

The requirements for the energy-dependent component of
NPQ called qE in higher plants include �pH, PsbS protein, and
the VAZ xanthophyll cycle. Activation of qE depends on PsbS
(94, 95), a member of the LHC superfamily but with four instead
of three transmembrane �-helices (51), which is the evolution-
ary counterpart of LHCSR from green algae (8). The availability
of the PsbS crystal structure (96) has clarified some of the ques-
tions regarding PsbS. For instance, it was initially thought that
PsbS was a pigment-binding protein (94), but the compact PsbS
structure appears to preclude the formation of pigment-bind-
ing sites (96). This supports the observation that PsbS in recon-
stituted liposomes is stable without pigments (97). PsbS was
also determined to be dimeric in both inactive and active forms
(96), in contrast to the previous suggestion that mono-
merization of PsbS happens upon NPQ activation. Still, PsbS
remains enigmatic, and among the issues that are still being
debated involve PsbS localization and its interaction with other
photosynthetic complexes (95). Recent cross-linking data from
dark- and light-adapted thylakoids show that in the dark
unquenched state, PsbS associates with the PSII supercomplex,
whereas in the quenched state, it predominantly interacts with
LHCII trimers (98). More recently, pulldown experiments have
revealed that �pH and zeaxanthin affects PsbS–antenna inter-
actions (99).

Activation of NPQ that occurs upon the generation of �pH
leads to the protonation of PsbS (Glu-122 and Glu-226) (100)
and the activation of the xanthophyll (VAZ) cycle (5, 6). At low
pH, the enzyme violaxanthin de-epoxidase (VDE) is proto-
nated, undergoes conformational rearrangement, and associ-
ates with the MGDG-rich region of the thylakoid membrane,
where VDE uses ascorbate as a co-substrate to convert vio-
laxanthin to antheraxanthin and to zeaxanthin (101, 102).
Together, PsbS and the VAZ cycle facilitate the structural rear-
rangement of PSII antenna complexes to generate quenching
centers (78, 95). The molecular mechanisms and nature of these
quenching centers remain a subject of intense investigation and
discussion, however, and are detailed elsewhere (4, 5, 7, 78).

Concluding remarks/future directions

Over the years, extensive research on non-photochemical
quenching has led to a better understanding of the machineries
and mechanisms driving this process, although questions still
remain. In particular, the location and molecular mechanism of
quenching in the various antenna complexes still need to be
determined. How and where the different protein complexes
involved in NPQ interact remain open questions. The availabil-
ity of increasingly advanced techniques in spectroscopy, molec-
ular biology and biochemistry, and computational modeling are
very important tools in tackling these unknowns (5, 103–105).

Photosynthesis is a dynamic and complex process that
requires several strategies for improvement of yield and effi-
ciency, among which involve light harvesting optimization and
non-photochemical quenching manipulations (103, 104, 106).
For instance, new results indicate that NPQ can be exploited for
improving photosynthetic productivity as shown in the work of
Kromdijk et al. (107). By increasing the rate of xanthophyll

cycle conversion and the amount of PsbS, an increase in the
biomass yield of tobacco was achieved. In green algae, NPQ was
also down-regulated to increase biomass production (85).
Knowledge obtained about regulation of antennas can also be
used for designing bioreactors to improve cyanobacterial bio-
mass or metabolite production (108).

Although efficient light harvesting ensures photosynthetic
efficiency, exposure to excess light and other stress conditions
render the organisms susceptible to photooxidative damage.
Therefore, mechanisms to balance between light harvesting
and photoprotection must be in place to ensure the protection
of the photosynthetic apparatus and survival of the organism.
Photosynthetic organisms have evolved different light-harvest-
ing capabilities to adapt to the varying environments in which
they are found. Although light-harvesting antennas are struc-
turally diverse, they are basically variations on a theme. Ulti-
mately, antenna complexes function to maximize as well as reg-
ulate light absorption for the reaction center. Moreover,
molecules such as carotenoids and quinones, together with the
tuning effect of protein amino acid residues, are key players in
the regulation of light harvesting in the antenna systems
described herein. The diverse mechanisms of regulating excess
excitation provide clues from which to borrow and may be used to
improve photosynthetic efficiency, particularly in crop plants.
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Circadian rhythms enable cells and organisms to coordinate
their physiology with the cyclic environmental changes that
come as a result of Earth’s light/dark cycles. Cyanobacteria
make use of a post-translational oscillator to maintain circadian
rhythms, and this elegant system has become an important
model for circadian timekeeping mechanisms. Composed of
three proteins, the KaiABC system undergoes an oscillatory bio-
chemical cycle that provides timing cues to achieve a 24-h
molecular clock. Together with the input/output proteins SasA,
CikA, and RpaA, these six gene products account for the time-
keeping, entrainment, and output signaling functions in cyano-
bacterial circadian rhythms. This Minireview summarizes the
current structural, functional and mechanistic insights into the
cyanobacterial circadian clock.

Form and function of circadian clocks

Circadian rhythms are processes through which cells and
organisms predict and adapt to the repetitive environmental
changes incident to the 24-h solar day. These rhythms originate
intracellularly and persist in the absence of external cues to
orchestrate temporal organization of physiology (1). To achieve
this, circadian clocks must perform three distinct but necessar-
ily intertwined functions: timekeeping, entrainment, and out-
put signaling.

Timekeeping is achieved through a cycle of slow biochemical
processes that together set the period of oscillation close to
24 h. For this temporal information to be relevant, biological
clocks must appropriately synchronize with their environment
through entrainment. Temporal information runs from the
timekeeping apparatus to the rest of the cell through output
signaling mechanisms that impart circadian changes in
physiology.

Timekeeping mechanisms that have been observed in circa-
dian clocks are broadly categorized as transcription-translation

feedback loops (TTFLs)2 or post-translational oscillators
(PTOs) (2). TTFLs achieve oscillation via delayed negative feed-
back, where a gene product represses its own expression when
its levels become high enough. This results in an oscillation in
the expression level of the gene, with transitions between
repression and derepression occurring at critical points in the
oscillatory cycle. By contrast, PTOs utilize timekeeping mech-
anisms that are independent of transcription. Like TTFLs,
PTOs involve a cycle of biochemical processes, but instead of
being driven by changes in expression levels, their behavior is
controlled by post-translational modifications, conformational
changes, protein–protein interactions, and/or subcellular
localization. It is important to note that although we make a
distinction here between TTFLs and PTOs as general catego-
ries of negative feedback systems, many circadian clocks make
use of both transcription/translation as well as post-transla-
tional timing steps to constitute a biochemical oscillator.

Post-translational steps in circadian clocks present unique
biochemical challenges and opportunities because they link
dynamic molecular processes to biological phenotypes through
covalent and conformational changes in protein structure.
PTOs can operate at constant protein concentrations and are
therefore amenable to in vitro study. In the cyanobacterial Kai
system, an entire PTO consisting of only three protein gene
products (KaiA, KaiB, and KaiC or KaiABC) can reconstitute
circadian biochemical oscillation in vitro (3). As a result, this
system has become an important model for understanding how
discrete biochemical steps are integrated to give rise to precise
biological timing.

Circadian biology in cyanobacteria

Circadian rhythms are essentially ubiquitous in eukaryotes,
but far fewer instances have been documented in prokaryotes
(4). Cyanobacteria temporally segregate photosynthesis and
nitrogen fixation, which require mutually exclusive oxidative
environments (5). Evolutionary pressures such as this resulted
in a cyanobacterial transcriptome in which at least one-third of
transcripts undergo circadian variation in accumulation levels
(6), and active transcription of nearly all-transcripts appears to
be under circadian control (7). These changes in transcriptional
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output are linked to global changes in chromosome ultrastruc-
ture (8, 9), but they are controlled basally by a core biochemical
oscillator (3, 10).

The KaiABC gene cluster was originally identified in genetic
screens aimed at finding TTFLs involved in cyanobacterial cir-
cadian regulation, with deletion resulting in an arrhythmic phe-
notype (10). It was subsequently shown that the products of this
gene cluster can recapitulate circadian biochemical oscillation
in vitro (3) and that this circadian oscillation persists in vivo
even when transcription and translation are inhibited (11). Its
ability to be reconstituted in vitro demonstrates that KaiABC
can act as a self-sustained PTO. In vivo, this PTO also functions
within a TTFL framework, i.e. circadian variation of clock pro-
tein expression results in a more robust rhythm (4, 12–14).
Together with three other effector proteins, the KaiABC oscil-
lator comprises a self-contained minimal system that is capable
of integrating timekeeping, entrainment, and output signaling
processes into the cyanobacterial cell.

Domain structures of the six core clock proteins in cyanobac-
teria are shown in Fig. 1. Genetic studies on cyanobacterial
rhythms have made extensive use of the mesophilic cyanobac-
terium Synechococcus elongatus, from which these genes were
originally identified (10). Biophysical studies have often taken

advantage of proteins produced from homologous gene
sequences in the thermophilic variant Thermosynechococcus
elongatus for their improved solubility and in vitro behavior
(15). The six proteins shown in Fig. 1 are conserved between
S. elongatus and T. elongatus and appear to comprise a core unit
capable of accounting for all of the required functions of a cir-
cadian clock. Several additional genes have been identified that
play roles in the circadian rhythms of cyanobacteria (16 –21);
however, this Minireview will focus on the six best-character-
ized gene products and the mechanisms through which they
mediate timekeeping, entrainment, and output signaling func-
tions in cyanobacterial circadian rhythms. For a broader review
on circadian biology in cyanobacteria, see Refs. 4, 22.

Structure and function of KaiC

The core cyanobacterial clock is centered around the hexa-
meric ATPase KaiC, which achieves timekeeping through cir-
cadian oscillations in phosphorylation that are intertwined with
oscillations between the quaternary structures depicted in Fig.
2. The primary sequence of KaiC is a concatenation of two
P-loop ATPase domains (10), termed CI and CII. In solution,
KaiC binds ATP to form a hexamer through interactions at the
CI subunit interfaces (23–25). Homologous ATPase active sites

Figure 1. Domain structure, conservation, and function of core clock proteins. Domain structures of the six core clock proteins from S. elongatus are
depicted as colored bars using boundaries and annotated functions from the Interpro Database (90). Sequences were aligned with homologues from the
thermophilic variant T. elongatus using Clustal� (91). Identity scores at each position in the alignment are indicated below the domain maps as color-coded
bars. Observed functions for each of the core clock protein domains are summarized below.
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are present at the subunit interfaces of both CI and CII; how-
ever, these active sites catalyze distinct chemical transforma-
tions. CI transfers phosphate from ATP to water, and CII cata-
lyzes transfer of phosphate between ATP and the side-chain
hydroxyl groups of residues Ser-431 and Thr-432 (26, 27).
Phosphorylation at these sites oscillates with a 24-h period in
concert with interactions between KaiC and the other core
clock proteins KaiA and KaiB (28, 29). These interactions are
regulated by the phosphorylation state of KaiC and take place
on non-homologous regions of the CI and CII domains, known
as the respective B- and A-loops, where they in turn regulate the
enzymatic activities on KaiC in a negative feedback loop.

During the day, KaiA is bound to the A-loops on CII where it
promotes autophosphorylation (30 –32). In the evening, KaiB
binds to phosphorylated KaiC at the B-loops of the CI domain
(33, 34), adding a third stacked toroid to the KaiC double-
doughnut (Fig. 2) (35). At this point, KaiA is recruited to the
KaiB–CI complex where it is inactivated and sequestered from
CII throughout the night (33, 35). In the absence of KaiA, enzy-
matic equilibria at the CII-active sites favor the autodephos-

phorylation of Thr-432 and Ser-431 (31). Around dawn, CII
phosphorylation is at a minimum, and affinity for KaiB is lost
(30). The repressive complex is released, freeing KaiA to bind to
the A-loops and begin the cycle anew.

Post-translational modification at residues Ser-431 and Thr-
432 of KaiC occurs in a specific order, with Thr-432 acting as a
substrate in the first reaction of both the phosphorylation and
dephosphorylation arms of the cycle (29, 36). The order of the
KaiC phosphorylation states is denoted in this Minireview
using the shorthand: S/T3 S/pT3 pS/pT3 pS/T. The S/T
and S/pT states are dominant during the daytime phosphory-
lation arm of the oscillatory cycle, characterized by binding of
KaiA at CII (26, 28). Accumulation of pS/pT initiates the night-
time state (28, 30, 35), characterized by the formation of the
KaiABC complex, which persists through the pS/T state until
phosphorylation reaches a minimum, and KaiA is recruited
back to CII.

Sustained oscillation requires a power source, and KaiABC
appears to achieve this through ATPase activity of the CI
domain, whose enzymatic activity is correlated with a period
both in vitro and in vivo (37, 38). CI ATPase activity oscillates as
well, with the unphosphorylated forms of KaiC consuming ATP
approximately twice as fast as the phosphorylated form (37).
This enzymatic activity shows a relatively modest rate enhance-
ment of ATP hydrolysis, with an apparent kcat/Km on the order
of 10�4 M�1 s�1, about 6 orders of magnitude slower than the
structurally similar F1-ATPase (38). High-resolution structures
have been obtained for the isolated CI ring in the pre-ATP and
post-ATP hydrolysis states (38) resulting in the three specific
structural changes depicted in Fig. 3A. Together with studies
showing that catalytically dead KaiC is unable to interact with
KaiB (26), one emerging model is that CI ATPase functions in
timing the recruitment of KaiB and resultant formation of the
nighttime repressive complex, although no specific structural
or biochemical information exists yet on how these two pro-
cesses might be related.

A direct structural connection between CII phosphorylation
and the interactions of KaiC with other clock proteins has also
proven difficult to pin down. High-resolution crystal structures
exist of different phosphorylated and phosphomimetic states
(39), but these structures are nearly identical. This is unexpected
given the well-established functional differences between the
phosphostates of KaiC. One possible explanation for this struc-
tural convergence is that crystallization of KaiC variants in
these structures was performed in the presence of a non-
hydrolyzable ATP analogue (24, 39), and structural changes
associated with CII phosphorylation could be masked in the
pre-ATP hydrolysis state. Alternatively, phosphorylation
may influence dynamic structural equilibria that are not
observable within a crystal lattice.

The latter idea is supported by lower-resolution studies on
the overall shape and dynamic structural properties of KaiC.
Time-resolved small-angle X-ray scattering data show an
increase in the apparent radius of gyration in the pS/T phos-
phostate (40), providing evidence of a change in shape for KaiC
in the night. Interactions between isolated CI and CII domains
increase across the phosphorylation cycle with a minimum at
the S/T state and a maximum in the pS/T state (41), and NMR

Figure 2. Day and night states of the cyanobacterial clock. High-resolu-
tion models of the day and nighttime states of the core oscillator are com-
pared. Coloring scheme is the same as in Fig. 1. A, day complex. The CI and CII
hexamers form stacked doughnuts (alternating subunits shown in light and
dark blue for contrast, PDB code 3K0C). One subunit is shown in cartoon mode
to highlight the nucleotide-binding sites (red) at the subunit interfaces. Phos-
phorylation of KaiC residues Thr-426 and Ser-432 takes place near the CII
nucleotide-binding sites. The KaiA dimer (light and dark green for contrast)
binds to C-terminal A-loops of KaiC (white, shown in complex with KaiA PDB
code 5C5E). The dashed arrow represents the point of connection between
the KaiA–CII loop structure and the CII A-loop extensions shown on the right.
B, night complex. The intermediate-resolution cryo-EM model (PDB code
5N8Y) is combined with higher resolution models from studies on indepen-
dent subcomplexes. The S431E phosphomimetic of the pS/T state of KaiC
binds six molecules of KaiB (PDB code 5JWQ). This results in the recruitment
and sequestration of KaiA near the KaiB–CI interface (PDB code 5JWR). Output
signaling occurs through interactions between KaiB and the C-terminal PsR
domain of CikA (PDB code 5JYV), as well as through interactions between
KaiC and SasA at dusk, although no high-resolution structure exists for the
latter.
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line-shape analysis indicates a more rigid KaiC structure in
these states as well. These structural changes, known collec-
tively as “ring-ring stacking,” presumably affect the accessibility
of the B-loops to regulate binding of thioredoxin domains.

One of the most surprising observations related to the enzy-
mology of CII is that free radioactive ATP accumulates tran-
siently in dephosphorylation reactions of 32P-labeled pS/pT
KaiC (42), suggesting that dephosphorylation occurs by trans-
fer of phosphate from side chains on KaiC to the �-phosphate
of an ADP nucleophile. The surprising ability of KaiC to cata-
lyze this energetically expensive reaction has garnered specula-
tion of an evolutionary relationship with F1F0-ATP synthase
(43), which also takes on a double doughnut-like structure (44).
Because phosphorylation and dephosphorylation reactions on
KaiC-CII appear to occur via the same chemistry going in oppo-
site directions, the equilibrium can be regulated by substrate
availability and ground state interactions without major
restructuring of the active site. This model is consistent with
the apparent mechanisms by which KaiA regulates CII phos-
phorylation, as described below.

KaiA: Primary regulator of KaiC phosphorylation

KaiA acts as the primary regulator of enzymatic activity on
the CII domain of KaiC and therefore the phosphorylation cycle

in general. Throughout the day, KaiA promotes phosphoryla-
tion of CII via two distinct mechanisms: 1) structural rearrange-
ment of the CII catalytic core (32, 45), and 2) exchange of active-
site ADP molecules for ATP (46). The enzymatic equilibrium of
CII favors phosphatase activity when KaiC is in isolation (31),
making KaiA occupancy the primary determinant of enzymatic
equilibrium on CII.

Without KaiA bound, the A-loop residues project into the
central cavity of KaiC (32). KaiA competes away interactions in
this position, binding the loops and causing them to take on an
�-helical conformation (47). When these loops are deleted, CII
is in constitutive phosphorylation mode (32), indicating that
the interaction of the A-loops with the cavity of KaiC abrogates
CII phosphorylation and that KaiA disrupts those interactions.
Additionally, KaiA has been shown to act as a nucleotide
exchange factor, controlling the equilibrium of phosphoryla-
tion on CII at the level of substrate availability (46). KaiA
increases the rate of ATP/ADP exchange on KaiC as well as the
ratio of bound ATP at equilibrium (46). Hence, KaiA promotes
CII phosphorylation by increasing the local concentration of
ATP, as well as by direct perturbation of the active site.

Inactivation of KaiA during the night occurs through a con-
formational change that abrogates its A-loop binding activity
(Fig. 3B). In the daytime state, the A-loops of KaiC form a hel-
ical bundle with the KaiA dimerization interface, flanked on
either side by its N-terminal pseudo-receiver (PsR) domains. In
this conformation, each �-strand from the interdomain linker
crosses close to the other to form an intermolecular �-sheet,
followed by a helical linker connecting the PsR domain. A high-
resolution crystal structure of KaiA in the nighttime state was
recently obtained by crystallizing its C-terminal dimerization
domain and interdomain linker as part of a complex with KaiB
and an engineered monomeric form of the KaiC-CI domain
(35). KaiA docks onto an exposed �-sheet on KaiB in the KaiBC
complex using the �-strand of its interdomain linker, which
repositions the helical linker to dock into its own A-loop bind-
ing site. This intramolecular interaction between the �-helix of
the interdomain linker and the dimerization interface pre-
cludes binding to an A-loop peptide from another KaiC hex-
amer, which demonstrates that binding to the KaiBC complex
stabilizes an autoinhibited form of KaiA at night. The PsR
domains of KaiA are not needed to bind KaiBC (48) and were
omitted for this structure. However, this structure of an iso-
lated CI–KaiB–KaiA complex agrees with a lower-resolution
model obtained by cryo-electron microscopy using full-length
wild-type KaiA, KaiB, and hexameric KaiC fully assembled in
the nighttime state (49). Although the PsR domains were
included here, they did not give sufficient density to be built
into the model, suggesting that they are flexibly tethered to the
complex.

KaiB: Attenuator of KaiC phosphorylation

The dephosphorylation arm of the KaiABC oscillatory cycle
is initiated by the binding of KaiB at the CI domain of KaiC,
followed by inactivation of KaiA. Historically, some discord has
existed surrounding the location of KaiB binding on KaiC and
how this leads to a shift of phosphorylation equilibrium that
lasts through the night. Recently, a series of corroborative

Figure 3. Conformational changes in the core oscillator. A, CI ATP hydro-
lysis. High-resolution crystal structures of the CI domain of KaiC in the ATP-
bound (PDB code 4LTA) and ADP-bound (PDB code 4LT9, chain C) states are
overlaid. Three major structural differences are noted upon ATP hydrolysis: 1)
helix bearing Phe-199 is flipped into an alternative conformation; 2) �6-�7/�8
helices are repositioned away from the nucleotide-binding site; and 3) cis
peptide bond between Asp-145 and Ser-146 in the ATP-bound state is found
in the trans isomer in the ADP-bound state. B, KaiA inactivation. The daytime
and nighttime states of KaiA are compared. During the day, the A-loops of
KaiC (blue) are bound at the dimer interface, and the interdomain linker (pink)
crosses over the complex. In the Night Complex, the linker shifts to occupy
the A-loop binding site. C, KaiB fold-switching. KaiB undergoes a major struc-
tural reorganization between its free and KaiC-bound forms, involving
changes in both secondary and tertiary structure for the C-terminal half of the
protein. Both structures are represented with rainbow coloring, starting with
dark blue at the N terminus. Note that the first half of the two proteins is
identical (dark blue through light green), whereas the C-terminal halves are
completely different. This interconversion is thought to happen spontane-
ously resulting in a conformational selection mechanism for formation of the
KaiBC complex.
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structural and biochemical studies (33–35, 49, 50) have put this
controversy to rest. Our understanding of the role of KaiB in the
clock has expanded immensely through the discovery of a
major conformational rearrangement that occurs between the
free and KaiC-bound states of KaiB. In the ground state, KaiB
takes on the unique fold depicted in Fig. 3C and oligomerizes to
form a dimer of dimers (51–53). When bound to the CI domain
of KaiC, KaiB is in a monomeric thioredoxin fold (34), referred
to as a “fold-switched” state because it comprises a major con-
formational shift, resulting in reassignment of secondary and
tertiary structure in roughly 50 residues composing the C-ter-
minal half of KaiB.

Binding of KaiB to KaiC occurs remarkably slowly, taking
hours to go to completion in vitro (33, 53). This binding is
quickened by mutations that favor the dimeric or thioredoxin-
like monomeric states of KaiB (34, 53). Native mass spectrom-
etry experiments have shown that binding occurs through a
monomeric form of KaiB (54) and appears to be cooperative, as
masses were obtained for KaiC bound to either one KaiB mol-
ecule or six, but none of the subsaturated stoichiometries in
between (54). This is consistent with the observation of electro-
static complementarity between KaiB subunits in the recent
structures of the KaiBC complex (35, 49).

The current biochemical data suggest that KaiB binds
through a conformational selection mechanism, in which the
ground state dimeric and tetrameric forms of KaiB act as a
thermodynamic sink to decrease the concentration of the KaiC
binding-competent KaiB monomer and limiting the rate of
binding. Several different mutations have been identified that
stabilize the KaiB monomer, each of which take on the fold-
switched conformation (34, 35). In addition to increasing the
rate of binding to KaiC in vitro, these mutations halt circadian
oscillation in vitro and in vivo, resulting in a dominant arrhyth-
mic phenotype that locks KaiC in the unphosphorylated state
(34). In the fold-switched form, KaiB forms a ternary complex
with KaiA and the CI domain of KaiC (34, 35), thus rendering
KaiA inactive and mediating the dephosphorylation arm of the
cycle. Together, these studies paint a unified picture of the
repressive state of the cyanobacterial oscillator and highlight
the clarifying role of structural biology, which together with
genetic and biochemical studies have demonstrated how the
three proteins of the cyanobacterial circadian PTO work in
concert with one another to sustain biochemical oscillation.

Output signaling: SasA, CikA, and RpaA

Output signaling from the cyanobacterial PTO takes place
through a two-component regulatory system (55). Two-com-
ponent systems are pervasive in bacterial sensing and signal
transduction (56). In the archetypal form, they consist of a sen-
sor histidine kinase (HK) and a response regulator (RR) (57, 58).
There is often overlap between cognate RRs and HKs; for exam-
ple, an HK may activate multiple RRs, or an RR may be regu-
lated by multiple HKs (59). Moreover, the relevant active
domains of the components may reside within a single protein
that has both kinase and substrate functions. Cross-talk
between regulatory networks increases dramatically from pro-
karyotes to eukaryotes (60), and cyanobacteria appear to fall
somewhere in the middle of this complexity. The circadian sig-

naling network in cyanobacteria is not yet fully understood, and
new components are still being identified (18, 19).

Despite the general complexity of regulatory networks in
cyanobacteria, a two-component system consisting of two HKs
and one RR stands out as being centrally involved in output
signaling from the KaiABC oscillator (55, 61). RpaA is an RR
that governs transcription from a locus encoding additional
transcription factors that mediate the global changes in gene
expression associated with circadian rhythms (62). This regu-
lon includes the cotranscribed KaiBC genes, thus integrating
the PTO into a TTFL (63).

RpaA is regulated by two cognate HKs, SasA and CikA (61).
The sensor domain of SasA adopts a thioredoxin fold that is
almost identical in structure to the fold-switched form of KaiB
(34, 64) and binds to the pS/pT form of KaiC (34, 61, 65). Acti-
vation of SasA follows a canonical HK signaling mechanism.
The sensor domains on SasA recognize and bind to phosphor-
ylated KaiC, resulting in autophosphorylation of His-161 in the
SasA kinase domain (61) and subsequent transfer of that phos-
phate to Asp-53 on RpaA, rendering the transcription factor
competent for DNA binding (63). SasA has been shown by ana-
lytical ultracentrifugation to form a trimer in solution (65), and
gel-filtration experiments support a stoichiometry of one SasA
trimer per KaiC hexamer. HKs usually oligomerize as dimers,
but in rare cases they have been found to function as higher
order oligomers (66) or monomers (67). It is yet unknown
whether this unusual oligomeric state for SasA is linked to its
sensory function.

At the biochemical level, SasA competes with KaiB for the
B-loops on the CI domain of phosphorylated KaiC (48). Binding
of SasA is faster than that of KaiB, presumably due to the refold-
ing requirement of KaiB for binding to KaiC (34, 65). This dif-
ference suggests an evolutionary selection for the metamorphic
properties of KaiB in controlling the temporal window of SasA
signaling, in addition to providing a timing cue for the oscilla-
tory cycle, although more evidence is needed to support either
of these models definitively. KaiA also plays a role in the com-
petition between KaiB and SasA for the CI domain of KaiC.
Although the presence of KaiA does not affect kobs for binding
of KaiB to KaiC, it does make a difference in competitive KaiB
binding when KaiC is pre-bound with SasA (48). This property
implicates a role for KaiA in active eviction of SasA by KaiB,
although no physical model for this currently exists.

The activating effect of SasA on RpaA is reversed by CikA, a
multidomain protein that, in addition to its role in dephosphor-
ylating RpaA, ties the clock to subcellular localization and
entrainment functions (68 –71). CikA is incorporated into the
Night Complex through the interactions of its PsR domain with
fold-switched KaiB at an interface that overlaps with the KaiA-
binding site (Fig. 2). Consistent with a potential competitive
mechanism, inclusion of the CikA PsR domain in an in vitro
oscillation reaction results in a shortened period and decreased
amplitude (34). Combined with the observation that CikA
knockout results in a relatively severe gene expression pheno-
type (72), these data suggest that CikA has a more integral role
in the timekeeping functions in vivo than suggested by its
known roles in entrainment and output signaling. The inte-
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grated roles of CikA and the other core clock proteins are sum-
marized in Fig. 4.

Metabolic of entrainment of the clock

The cyanobacterial circadian clock achieves entrainment by
linking the oscillatory cycle to photosynthesis through meta-
bolic processes (73), rather than direct entrainment by light via
sensory photoreceptors, as is commonly found in eukaryotic
organisms (74). This metabolic entrainment of the cyanobacte-
rial clock occurs in two ways: through sensitivity of the phos-
phorylation cycle to ATP/ADP ratios within the cell (75) and
through the presence of nighttime-associated photosynthetic
metabolites (71, 72, 76 –78). The former entrainment cue
occurs as a result of enzymatic sensitivity of the core oscillator
to ATP/ADP ratios (72), causing it to align with the maximal
photosynthetic period at midday when this ratio is highest (75,
79).

Cyanobacteria utilize quinone pools as intramembrane elec-
tron shuttles, reducing them during the process of photosyn-
thesis (80). As a result, the concentration of oxidized quinones
rises rapidly but briefly when photosynthesis shuts down with
the onset of darkness before other pathways restore the redox

steady state (76). Ectopic introduction of oxidized quinones can
entrain the clock both in vivo and in vitro, and both KaiA and
CikA play roles related to entrainment through binding of their
PsR domains to oxidized quinones (71, 72, 76 –78). The aggre-
gation state and/or stability of the proteins is affected by qui-
none binding in vivo (71, 77). Still, the precise mechanism by
which quinone binding influences the PTO is not currently
well-understood.

Applications in synthetic biology

There is considerable interest in synthetic biology to con-
trol temporally regulated gene expression (81, 82). However,
even the most robust synthetic oscillators are far less effective
than the fully integrated oscillation of gene expression in cya-
nobacteria (83, 84). Because of its ability to function at constant
protein concentrations and provide relatively stable temporal
regulation at different temperatures, it could be enticing to
reverse engineer synthetic oscillators from the cyanobacterial
PTO. This has been achieved, on a rudimentary level, in a trans-
plantation study where the core oscillator was introduced into
E. coli, resulting in weak but measurable in vivo circadian
rhythms in KaiC phosphorylation in a natively non-circadian

Figure 4. Integrated timekeeping, entrainment, and output signaling functions of the cyanobacterial clock. Timekeeping, entrainment, and output
signaling functions are highlighted within the oscillatory cycle of the cyanobacterial clock. Powered by ATPase activity on its CI domain, KaiC cycles through a
series of phosphorylation states that is interdependent on its quaternary structure. KaiA is bound to the CII domain of KaiC during the day, stimulating
phosphorylation. This process is sensitive to the ATP/ADP ratio, which peaks at midday, providing an entrainment cue. At dusk, levels of oxidized quinones rise
in the cell, and the clock is entrained by this as well. Around this time, KaiC reaches the pS/pT state, and SasA binds to the CI domain to activate RpaA. CI-bound
SasA is eventually competed away by KaiB. Binding of KaiB is slowed by its intrinsically unfavorable equilibrium that sequesters it in inactive states. Accumu-
lation of KaiB in its KaiC-bound form recruits and inactivates KaiA, allowing CII dephosphorylation. The input/output protein CikA also interacts with the
fold-switched form of KaiB, causing CikA to dephosphorylate RpaA, inactivating it.
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organism (85). In this study, the clock was linked to transcrip-
tional output signaling through a two-hybrid approach,
although the researchers were unable to show circadian oscil-
lation of gene expression originating from KaiABC. Thus, a
great deal of opportunity still exists to integrate the cyanobac-
terial PTO more deeply into the physiology of the host orga-
nism and to achieve clock-driven oscillations in gene expres-
sion. Undeniably, these efforts benefit from the mechanistic
advances in our understanding of the cyanobacterial PTO. Fur-
thermore, a great deal of work has gone into computational
modeling of the cyanobacterial PTO (36, 86 – 89). These studies
can inform efforts to re-engineer the oscillatory period of the
PTO, leading to future technologies in which the cyanobacte-
rial PTO may be used as a starting point to introduce a flexible
range of temporal routines of gene expression into target
organisms.
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One of the major challenges in today’s agriculture is to achieve
enhanced plant growth and biomass even under adverse envi-
ronmental conditions. Recent advancements in genetics and
molecular biology have enabled the identification of a complex
signaling network contributing toward plant growth and devel-
opment on the one hand and abiotic stress response on the other
hand. As an outcome of these studies, three major approaches
have been identified as having the potential to improve biomass
production in plants under abiotic stress conditions. These
approaches deal with having changes in the following: (i) plant–
microbe interactions; (ii) cell wall biosynthesis; and (iii) phyto-
hormone levels. At the same time, employing functional genom-
ics and genetics-based approaches, a very large number of genes
have been identified that play a key role in abiotic stress toler-
ance. Our Minireview is an attempt to unveil the cross-talk that
has just started to emerge between the transcriptional circuit-
ries for biomass production and abiotic stress response. This
knowledge may serve as a valuable resource to eventually cus-
tom design the crop plants for higher biomass production, in a
more sustainable manner, in marginal lands under variable cli-
matic conditions.

Despite considerable success in crop improvement pro-
grams, farmers still lose almost 20 –70% of their potential crop
yield because of biotic and abiotic stresses (1). Abiotic stresses
are one of the key challenges for plant growth and agricultural
productivity in arable lands, with an estimated annual loss of
billions of dollars (2, 3). This challenge is expected to grow
enormously with the proposed expansion of agricultural activ-
ities in less fertile and marginal areas, which is now becoming

crucial in satisfying the growing food demands (4). Because
about 86% of the fresh water is utilized for the production of
agricultural biomass, additional pressure is likely to develop on
the freshwater resources with the ongoing shifts from the era of
“fossil energy” to the era of “energy from biomass” (5). To keep
pace with this alarming situation, novel approaches are vital to
enhance plant biomass production under adverse environmen-
tal conditions (6).

The acclimation of plants to abiotic stress is a complex and
coordinated response involving hundreds of genes and their
interactions with various environmental factors throughout the
developmental period of the plant (7–9). Accordingly, a thor-
ough understanding of the molecular responses in plants is
essential for targeting any improvement in plant biomass or
yield. In addition, identifying suitable phenotypes that respond
to multiple abiotic stresses appearing either simultaneously or
sequentially under field conditions is indeed a tedious task, but
it is the need of our time (10). However, to minimize the “yield
gap” caused by these abiotic stresses, it is vital to understand the
gene regulatory networks operating in plants. We hope that the
recent advances in molecular biology, including tissue-specific
or developmental stage-specific gene expression, stringently
regulated and induced gene expression, site-specific integra-
tion of the transgene, and gene pyramiding will assist us in
enhancing the photosynthetic efficiency in plants contributing
eventually to produce higher biomass when grown under mar-
ginal lands (11).

The development of human civilization is inextricably linked
to plant biomass, where wood and fiber are used for numerous
purposes, including energy production, textiles, paper-making
as well as bioenergy resources in the form of biofuels. As of
today, there is a tremendous increase in the demand for plant
biomass production due to the expanding human population,
inadequate food availability, and the need for bioenergy (12).
However, with the ongoing debate on “food versus fuel,” we
need to reassess the options and the resources available to us.
Even if we plan to use biofuels to satisfy the 20% of the growing
demand for oil products, there will be nothing left to eat. Keep-
ing this fact in mind, it is imperative to design our future food
crops that will have the potential to give high yield and biomass
even under marginal lands.

Biomass accumulation in plants occurs either by an increase
in cell number or by cell expansion (13, 14). Dissecting out the
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regulatory network involved in cell wall biosynthesis provides
an attractive strategy to improve plant architecture and bio-
mass (15, 16). In recent years, considerable attention has also
been given to plant cell wall polymers, which form a major
component of plant biomass. The composition and amount of
these polymers in the cell wall change with plant development
and in response to stress conditions (17). Furthermore, there is
a need to delineate the genes responsible for the biosynthesis of
different cell wall components, along with the assembly and the
regulation of cell wall dynamics and heterogeneity (17). In addi-
tion to the above strategy, manipulating endogenous plant hor-
mone content provides still another possibility for improving
abiotic stress tolerance as well as biomass of plants. The third
crucial area to be explored for plant biomass enhancement and
sustainable agriculture is “plant–microbe interaction.” Plant
roots and microorganisms interact and compete for nutrients,
making a complex system within the rhizosphere (18). How-
ever, a complete understanding is needed regarding the effect of
these microbes in improving abiotic stress tolerance and in
inducing higher biomass production in plants (Table 1) (19).

One of the goals of our Minireview is to understand the cru-
cial strategies being developed to engineer abiotic stress
response and to enhance biomass production in plants. Here,
the focus is on the above three major strategies that can be
utilized to mitigate abiotic stress response, besides enhancing
biomass production. In this Minireview, we present several
examples where plant–microbe partnerships have been utilized
to cope with the abiotic stress response leading to higher bio-
mass production. Furthermore, we discuss recent advances in
molecular studies that reveal key transcriptional switches reg-
ulating secondary wall biosynthesis under abiotic stress. We
also highlight the key facets of the plant growth regulators hav-
ing a direct role in the regulation of plant growth under various
abiotic stresses. The knowledge of these master switches will
simultaneously improve our understanding to develop new
strategies to genetically modify the composition and quan-

tity of lignocellulosic biomass besides increasing abiotic
stress tolerance.

Exploiting plant–microbe interactions

Several studies have demonstrated that plant–microbe inter-
actions influence abiotic stress tolerance along with growth and
biomass. Plants form highly complex and diverse associations
with co-evolved microbial communities (20). Microbial com-
munities show plant specificity in terms of their morphology
and secondary metabolism (21). Diverse mechanisms have
been proposed for varied associations of plant growth–
promoting bacteria (PGPB)4 and fungal endophytes, after their
colonization in the rhizosphere/endosphere of plants (22). The
plant–microbe interactions significantly affect carbon seques-
tration, nutrient cycling, plant growth, and productivity (23, 24)
besides ameliorating plant responses against abiotic stresses
(22). Many studies have shown that diverse bacterial species,
belonging to different genera, contribute toward tolerance
against various abiotic stresses to the host plants resulting in
enhanced biomass (25).

There is now good evidence from recent agricultural prac-
tices that the use of plant growth–promoting bacteria is a
strong, viable, and vital option for overcoming productivity
constraints besides mitigating environmental stresses in crops,
e.g. soybean, barley, maize, and rice (26). On the one hand, the
microbes induce local or systemic inducible response mecha-
nisms in plants to overcome abiotic stress, and on the other
hand, they contribute toward sustaining the biomass and
growth through uptake, mobilization, and synthesis of nutri-
ents. Hormones such as auxins, cytokinins, and gibberellins
along with other organic compounds that stimulate cell growth

4 The abbreviations used are: PGPB, plant growth–promoting bacteria; ABA,
abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic acid; BR, brassinos-
teroid; CK, cytokinin; GA, gibberellin; IAA, indole acetic acid; NCED, 9-cis-
epoxycarotenoid dioxygenase.

Table 1
Representative list of abiotic stress-responsive genes that have been genetically manipulated to improve the biomass production in plants

Target plant Gene name Observed parameter/trait Refs.

Plant microbe interactions
Solanum lycopersicum ACCD Improved plant growth in the presence of abiotic stresses 32
Brassica napus ACCD Improved salt tolerance and plant growth 33

Cell wall biosynthesis
Arabidopsis thaliana CesA1 Higher cellulose accumulation and improved stress tolerance 40, 41
A. thaliana, Oryza sativa BRI1 Enhanced drought tolerance with higher root and shoot biomass 42, 43
Gossypium sp. Susy, UGPase Enhanced drought tolerance, cellulose accumulation, and total biomass 44
A. thaliana XTH3 Enhanced xyloglucan biosynthesis and water stress tolerance 46
Glycine max EXPB2 Improved root system architecture under water deficit 47
Rosa sp. NAC2, EXPA4 Silencing of these genes resulted in reduced drought tolerance 48
Zea mays CCR Inhibited wall extensibility under water stress 49
A. thaliana MYB41, MPS Enhanced salt stress and cell wall biosynthesis 51
A. thaliana TOR1,2 Regulation of organ and cell size, seed production, and resistance to osmotic stress 52
Medicago sativa MYB46 Increased lignin deposition, secondary cell wall thickness, and enhanced abiotic stress

tolerance
69

Phytohormone regulation
O. sativa CKX2 Increased panicle branching with more filled grains per plant and higher harvest index

under salinity
58

Arachis hypogaea IPT Enhanced biomass and yield under drought and salinity 60, 63
M. sativa, A. thaliana SPL8/9 Enhanced biomass and tolerance towards salt and drought stress 67
A. thaliana HDC1 Overexpression of reduced NaCl and ABA sensitivity and showed increased biomass 69
Solanum lycopersicum ABRC1 Maintained growth and yield besides tolerating cold, drought, and salt stress 71
Arachis hypogaea, S. lycopersicum NCED1/3 Enhanced biomass besides drought and salt stress tolerance 75, 76
M. sativa, A. thaliana GSK1 Stunted growth and abiotic stress sensitivity 80
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and division under various environmental stresses have also
been implicated in such complex interactions (27). A schematic
diagram depicting the complex interaction of PGPB in increas-
ing plant growth and biomass under stress is shown in Fig. 1.
Various PGPBs possess not only the ability to induce reactive
oxygen species-scavenging enzymes but also to increase the
photosynthetic efficiency of plants under abiotic stress, thus
leading to enhanced plant growth (28). Seed priming with these
PGPB strains significantly improves biomass and nutrient
uptake under stress conditions (29). Recently, the multifaceted
action of microorganisms has been shown by Khan et al. (30),
where enhanced expression of antioxidant enzyme machinery
through Bacillus pumilus inoculation led to improved growth
under high-salt and boron stress in rice. Furthermore, PGPBs
help plants through phytoremediation of excessive salts, lead-
ing to improved biomass production under salt stress (31). Bac-
teria, such as Pseudomonas spp., Burkholderia caryophylli, and
Achromobacter piechaudii, were shown to reduce endogenous
ethylene levels in plants by producing 1-aminocyclopropane-1-
carboxylic acid (ACC)-deaminase, thus resulting in increased
root growth and improved tolerance of salt and water stress
(Table 1) (31). In addition, synthesis of indole acetic acid (IAA)
or enhancing ACC deaminase activity in the rhizosphere by
Trichoderma atroviride or Pseudomonas putida in tomato
results in improved growth and stress tolerance (32). Similarly,
knocking down the expression of the ACCD gene from
Trichoderma asperellum showed reduced root elongation in
canola seedlings, suggesting its role in root growth promotion
(33). Burkholderia phytofirmans strain PsJN improves leaf area,
chlorophyll content, photosynthetic rate, and water-use effi-
ciency, ultimately resulting in the enhanced shoot and root bio-
mass under various abiotic stresses in a wide spectrum of host
plants, including potato, tomato, and grapevine (34).

Considerable progress has been made in unraveling the
morphological, physiological, and molecular mechanisms of
growth-promoting bacteria-mediated abiotic stress toler-
ance in plants (35). However, delineating the signaling mol-
ecules released by PGPB that enhance plant growth and

defense responses still remains a challenge. Similarly, exten-
sive research on enhancing the effectiveness and consistency
of microbial inoculants in multiple-stress amelioration
under field conditions will help us in the screening of suita-
ble bio-inoculants to improve crop productivity under dif-
ferent environmental vagaries (36). Certainly, novel bacte-
rial strains must be tested in the future to gain better insight
into the plant–microbe interaction to achieve this target.
However, encompassing different “omics” approaches to
study microbe-mediated stress mitigation strategies will
further strengthen our knowledge on the mechanisms of
plant–microbe interactions with the naturally associated or
artificially inoculated microorganisms. Primary targets for
optimizing beneficial plant–microbe interactions include
quorum sensing, bacterial motility, biofilm formation, and
their signaling pathways. Current evidence supports the
plant–microbe interaction in mitigating abiotic stress
response during varied edaphic and climatic conditions. At
present, a range of bacterial formulations are already avail-
able commercially for their use as “bioprotection agents” or
“biofertilizers” to improve biomass and yield under biotic
stresses. Utilizing these microorganisms will further
enhance tolerance against various abiotic stresses, thus
establishing novel and promising techniques for sustainable
agriculture.

Regulation of cell wall biosynthesis

Around 430 million years ago, vascular plants appeared on
land and co-evolved with the ability to develop a secondary cell
wall. Plant cell wall functions as an “exoskeleton” by providing
mechanical and structural support to the entire cell as well as
acting as a physical barrier against abiotic and biotic stresses
(17, 37). The principal components of a secondary cell wall are
cellulose, hemicelluloses, and lignin; interestingly, they are
quite unique to each cell type and vary in their amount and
composition along with development and in response to vari-
ous biotic and abiotic stresses (17, 37). Thus, we can conclude
that plants have inherently evolved intricate mechanisms to

Figure 1. Plant microbe interactions for biomass enhancement. Shown is a schematic diagram representing the plant-associated bacteria that can
promote plant growth by producing various volatile organic compounds, phytohormones, siderophores, biofertilizers, and antioxidants that indirectly or
directly benefit plant growth by induced systemic resistance, phytoremediation, systemic acquired resistance, ion chelation, nutrient acquisition, and inhibi-
tion of reactive oxygen species to improve stress tolerance in host plants.
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regulate biosynthetic pathways for cell wall components and
have assembled them for the proper functioning of the cell. For
example, plants show higher production of lignin biosynthesis
enzymes during abiotic stresses (37). Similarly, severe dwarfing
and altered wood anatomy were observed by silencing 4-
coumarate– coenzyme A ligase, which reduces the lignin con-
tent in tracheal elements (38). At present, there is fair interest in
unraveling the molecular processes regulating secondary wall
development in plants as it is the most abundant plant biomass
in the form of fiber and timber (39).

Immense progress has been made for the identification and
functional validation of cell wall polysaccharide biosynthetic
genes (including those for cellulose, glucomannan, xyloglucan,
xylan, and pectin), as well as sugar nucleotide donors of these
pathways (Table 1) (17). In plants, cellulose microfibrils, com-
posed of �-1,4-glucan chains, mainly contribute toward the
above-ground biomass, and their biosynthesis and accumula-
tion play a vital role in providing defense against climatic vaga-
ries (40). CesA (cellulose synthase) gene superfamily regulates
the synthesis of cellulose in plants (40). Brassinosteroid signal-
ing activates the BES1 (BRI1-EMS-Suppressor-1) transcription
factor, which binds to the E-box (CANNTG) in the promoter of
CesA causing its up-regulation and thus resulting in enhanced
cellulose accumulation in Arabidopsis (41). Similarly, CESA1
kinase activity was shown to be enhanced by the degradation of
its inhibitor BRASSINOSTEROID INSENSITIVE2 (BIN2) (42).
In addition, introgression of the BR receptor containing chro-
mosome segment (7DL) from Agropyron elongatum results
in enhanced drought tolerance in wheat (43). However, an
increase in UDP-Glc (a substrate for synthesis of various sugars,
necessary for different wall polymers) levels by overexpressing
sucrose synthase (SuSy) and UDP-glucose pyrophosphorylase
(UGPase)-encoding genes leads to enhanced drought tolerance
and cellulose accumulation (44). Similarly, heavy metal stress in
rice and wheat causes enhanced lignin accumulation in the cell
wall, which improves defense response against biotic and abi-
otic stresses (45).

Transgenic Arabidopsis plants overexpressing CaXTH3,
encoding a xyloglucan biosynthesis gene (xyloglucan endo-
transglucosylase/hydrolases), have abnormal leaf morphology
and severely wrinkled leaf shape and enhanced tolerance
against water stress (46). �-Expansin encoding gene EXPB2
showed higher expression under water stress and seemed to be
involved in improvement of root system architecture under
water deficits in soybeans (47). Similarly, silencing of NAC2 or
its downstream gene EXPA4 has been shown to result in
reduced drought tolerance during the petal development in
rose (48). In contrast, overexpression of RhEXPA4 conferred an
improved phenotype with shorter stems, curly leaves, compact
inflorescences, and enhanced drought tolerance in Arabidopsis
(48). However, higher transcript abundance of cinnamoyl-CoA
reductase in maize inhibited cell wall extensibility and root
growth under water deficiency (49). Similarly, expansin acts as
a key component in heat stress tolerance as its higher expres-
sion in Agrostis leads to increased cell wall elasticity, which
maintains cellular functions (50). Arabidopsis MYB41 and rice
R2R3-type MYB transcription factor MPS (MULTIPASS) are
induced under salinity, which then enhances expression of cell

wall biosynthesis genes, during vegetative and reproductive
stages, while suppressing the transcript of expansin and endo-
glucanase genes (51). Similarly, overexpression of TOR, a Ser/
Thr kinase of the phosphatidylinositol 3-kinase-related kinase
family leads to enhanced cellular biomass and stress tolerance
(52). However, AtTOR RNAi lines show high sensitivity toward
osmotic stress (52).

Integrating the knowledge of key regulatory genes with their
cell-specific promoters and transcriptional regulation of sec-
ondary cell wall biosynthesis through the cascade of activators,
repressors, and feedback regulators is expected to enable the
development of designer plants with enhanced biomass under
stress conditions (16, 17). A schematic diagram depicting the
transcriptional regulatory network modulating secondary cell
wall formation in plants is shown as Fig. 2. These studies also
provide deep insight into the complex transcriptional machin-
ery to genetically modify cell wall composition for tolerance
against abiotic stresses.

Manipulation of phytohormone levels

Of the various factors regulating plant biomass production
under abiotic stresses, manipulation of plant hormone content
is the most efficient approach (53). Of these hormones, auxins,
cytokinins (CKs), gibberellins (GAs), BRs, and abscisic acid are
markedly involved in the regulation of plant growth and bio-
mass production during stress conditions (53). Fig. 3 depicts
the cross-talk between various phytohormones leading to
enhanced stress tolerance resulting in higher biomass produc-
tion in plants. Dissecting the molecular mechanism of these
hormone biosyntheses and regulations provides an insight into
the complexity of various processes such as time, rate, and
extent of cell division and cell expansion to manipulate the
regulation of meristematic division and plant growth under
stress conditions (Table 1) (54). Although CKs have an impor-
tant role in delaying the natural senescence in many plants (55),
the concentration of the bioactive CKs decreases during expo-
sure to water and salt stresses (56).

Plants exhibiting negative regulation of cytokinin activity,
such as plants overexpressing CKX (cytokinin oxidase) or
mutation in the cytokinin receptors, show smaller shoot api-
cal meristem and decreased leaf area (57). Similarly, it is
known that knocking down CKX2 expression in rice results
in the maintenance of photosynthetic rate, panicle branching, and
reduction in yield gap under salinity stress conditions (58). Most of
the studies on transgenic plants with pSARK promoter-regulated
isopentenyltransferase gene expression have reported delayed leaf
senescence, higher photosynthetic activity, and enhanced biomass
and/or yield-related parameters under drought stress in tobacco
(59), rice (60), broad bean (61), and creeping bent grass (62), pea-
nut (63), and under salt stress in cotton (64).

Under heavy metal and salt stress, IAA increases shoot as
well as root growth in plants (27). Transgenic poplars overex-
pressing an abiotic stress-responsive YUCCA6 gene, which is
involved in tryptophan-dependent IAA biosynthesis path-
way using stress-inducible SWPA2 promoter, exhibit rapid
shoot elongation and reduced main root development with
enhanced root hair formation (65). Earlier studies demon-
strated that down-regulation of SPL8 (squamosa promoter-
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binding-like protein-8) transcription factor significantly
increased branching by promoting axillary bud development
and enhanced forage biomass yield, besides enhancing salt
and drought tolerance in alfalfa (66); these transgenic plants
showed reduced GA accumulation, whereas spl8 mutants
showed significantly higher GA transcript abundance. Fur-
thermore, GA2-ox6, which is the prime GA deactivation
enzyme, is significantly up-regulated by SPL8 (66). These
results suggest that SPL8 regulates GA signaling, and
GA2-ox is a possible key node of this signaling network (67).
Under saline conditions, GA application improved stomatal
conductance, water use efficiency, and growth and yield in
tomato plants, thus supporting the above hypothesis (68).

The Arabidopsis homolog of RXT3 (REGULATOR of
TRANSCRIPTION 3), named HISTONE DEACETYLASE
COMPLEX1 (HDC1) shows direct interaction with histone
deacetylases HDA6 and HDA19 (69). The hda6, hda19, and
hdc1-1 mutant showed hypersensitivity toward NaCl and ABA
during seedling stage (69). However, HDC1 overexpression
reduces NaCl and ABA sensitivity and increases biomass (70).
Transgenic tomato plants overexpressing ABA-responsive

complex (ABRC1) from the barley HVA22 showed improved
growth and yield in addition to enhanced tolerance against
cold, drought, and salt stress (71). Furthermore, AtERF11 was
shown to negatively modulate the ABA-mediated regulation of
ethylene biosynthesis; furthermore, its overexpression con-
ferred ABA hypersensitivity during post-germination growth
under stress conditions (72). ABA3/LOS5 encodes a Mo-cofac-
tor sulfurase that catalyzes abscisic aldehyde to ABA conver-
sion, and its constitutive expression in rice leads to significantly
higher yield during drought stress under field conditions (73).
Similarly, overexpression of MoCo sulfurase gene in soybean
resulted in enhanced biomass and yield along with improved
drought tolerance attributed to increased ABA accumulation,
reduced water loss, and induced antioxidant enzymatic
machinery (74). Furthermore, 9-cis-epoxycarotenoid dioxyge-
nase (NCED) has been shown to catalyze the conversion of
neoxanthin to xanthoxin. In addition, T-DNA insertional
nced3 mutants displayed impaired drought tolerance and lim-
ited ABA accumulation under water stress, whereas tobacco
plants constitutively expressing NCED1 enhanced ABA accu-
mulation in leaves, which leads to improved drought and salt

Figure 2. Complex transcriptional circuitry contributing toward secondary cell wall development in plants as influenced by abiotic stress. The
secondary cell wall biosynthesis consists of two nodes: one is E2Fc-mediated and the other one is through the BR-signaling pathway. E2Fc is the master
regulator of downstream transcription factors that act in a coordinated manner to further result in synthesis, transport, and assembly of secondary cell wall
components such as cellulose, xylan, and lignin. Similarly, brassinosteroid signaling also modulates various downstream genes leading to cell wall remodeling
under stress as follows: BSK1 (BR-SIGNALING KINASE); BSU1 (BRI1 SUPPRESSOR1); BZR1 (BRASSINAZOLE-RESISTANT1); CAD4 (CINNAMYL ALCOHOL DEHYDRO-
GENASE 4); CESA4/7 (CELLULOSE SYNTHASE 4/7); FLY1 (FLYING SAUCER 1); GSK2 (GSK3/SHAGGY-LIKE KINASES); GUX2 (UDP-GLUCURONATE: XYLAN �-GLUCU-
RONOSYLTRANSFERASE 2); IRX7/9 (IROQUOIS HOMEOBOX 7); LAC4/17 (LACCASE 4/17); REV (REVOLUTA); SKP2A (S-PHASE KINASE-ASSOCIATED PROTEIN 2A);
SND1/2/3 (STAPHYLOCOCCAL NUCLEASE AND TUDOR DOMAIN CONTAINING 1/2/3); VND 6/7 (VASCULAR-RELATED NAC DOMAIN 6/7); XTH (XYLOGLUCAN
TRANSFERASE/HYDROLASE); EXP (EXPANSINS). In this complex process, various NACs (NAM-ATAF1,2-CUC2) and MYBs act as the key master switches that
control cell wall deposition.
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stress tolerance (75). Similarly, in tomato the constitutive over-
expression of NCED1 displayed enhanced ABA accumulation,
reduction in assimilation rates, leaf chlorosis, and higher bio-
mass because of counteracting positive effects of ABA on leaf
expansion and increased water status (76).

Similarly, BR pre-treated seeds demonstrated significantly
higher accumulation of dry mass and antioxidant enzyme activ-
ity in alfalfa under salt stress (77) and ameliorated growth and
survival of Robinia pseudoacacia during water stress (78). In
addition, BR application causes enhanced seedling growth in
sorghum under osmotic stress (79). Knockout T-DNA inser-
tion mutant of Osgsk1 (a rice GSK3/SHAGGY-like protein
kinase gene, ortholog of AtBIN2/AtSK21, and negative regula-
tor of BR signaling) depicted enhanced tolerance toward abiotic
stress, whereas OsGSK1 overexpression resulted in stunted
growth in Arabidopsis (80). In addition, hormones target vari-
ous members of protein families playing a significant role in
growth either individually or in a co-regulated manner,
thereby indicating the synergistic action of metabolic path-
ways (81). Biotechnological manipulation of these key pro-
teins could allow not only the adaptation under adverse envi-
ronmental conditions but also determine the flux in
phytohormone biosynthesis for securing, in the long run,
improved food production.

Future outlook

With the apparent changes in the global environment, agri-
cultural production systems are liable to change. Thus, there
may be a need to produce cost-effective biomass to replace the
existing fossil fuel in the near future. At the same time, to ensure
availability of enough food for 9 billion people is indeed a
daunting task. One possible solution to this challenge could be
to make use of marginal lands with low input crops capable of
providing high-biomass yield. Attempts are already being made

to modify the plant architecture in such a way that will led to
“transgressive overyielding” of plant biomass. Furthermore,
there are numerous options to explore plant–microbe interac-
tions for enhanced biomass production in marginal and arable
lands. It is noteworthy that most of these interactions are cur-
rently unexplored, making it important to closely observe the
soil, the rhizosphere, and the endophyte populations. Engi-
neered plants and their beneficial symbionts will pave the way
for future strategies to modify them for higher biomass produc-
tion to meet the demands of a growing population in a changing
climate scenario. Similarly, understanding how cellular differ-
entiation occurs during cell wall development will provide deep
insight into designing cell wall architecture to enhance biomass
under environmental stresses. More importantly, identifying
the key transcription factors directly regulating secondary cell
wall biosynthesis genes will not only provide valuable clues to
understand the evolution of secondary wall biosynthesis in vas-
cular plants but also to uncover the complexity of the dynamic
changes during cell wall development and abiotic stress
response. Similarly, the phytohormones have been found to be
involved directly in plant responses to different stresses. How-
ever, the identification and maintenance of optimal dose/re-
sponse ratio of hormones still remain a tedious task, because
the hormonal balance should be moderate to maintain homeo-
stasis to provide abiotic stress tolerance and retain growth and
biomass. Much work has been done in the past decades on the
molecular pathways modulating hormone biosynthesis and sig-
naling and dissecting out their role in response to varied cli-
matic conditions. Our Minireview will thus be fruitful in sug-
gesting ways to genetically manipulate hormone biosynthesis
pathways for abiotic stress tolerance and for enhanced crop
productivity. In the future, it will be highly desirable to study
the response of plants toward a combination of stresses mim-
icking the field conditions, as no stress ever comes alone!

Acknowledgment—We gratefully thank Professor Govindjee, Uni-
versity of Illinois at Urbana-Champaign, for critical reading of the
manuscript.

References
1. Berry, P., Ramirez-Villegas, J., and Branseley, H. (2013) Plant Genetic Re-

source and Climate Change, pp. 78 –97, CABI, Boston, MA
2. Pareek, A., Sopory, S. K., Bohnert, H. J., and Govindjee (eds) (2009) Abiotic

Stress Adaptation in Plants: Physiological, Molecular and Genomic Foun-
dation, pp. 526, Springer, the Netherlands

3. Pereira, A. (2016) Plant abiotic stress challenges from the changing envi-
ronment. Front. Plant Sci. 7, 1123 Medline

4. Koh, L. P., Koellner, T., and Ghazoul, J. (2013) Transformative optimisa-
tion of agricultural land use to meet future food demands. PeerJ 1, e188
CrossRef Medline

5. Gerbens-Leenes, P. W., Hoekstra, A. Y., and Van der Meer, T. H. (2009)
The water footprint of energy from biomass: A quantitative assessment
and consequences of an increasing share of bio-energy in energy supply.
Ecol. Econom. 68, 1052–1060 CrossRef

6. Farrar, K., Bryant, D., and Cope-Selby, N. (2014) Understanding and en-
gineering beneficial plant–microbe interactions: plant growth promotion
in energy crops. Plant Biotechnol. J. 12, 1193–1206 CrossRef Medline

7. Kumari, S., nee Sabharwal, V. P., Kushwaha, H. R., Sopory, S. K., Singla-
Pareek, S. L., and Pareek, A. (2009) Transcriptome map for seedling stage
specific salinity stress response indicates a specific set of genes as candi-

Figure 3. Schematic representation of cross-talk between different phy-
tohormone signaling pathways for higher biomass production in plants
under stress conditions. BIN2 (BR-INSENSITIVE 2); CK (CYTOKININ); CKX2
(CYTOKININ OXIDASE 2); GA2ox6 (GA2 OXIDASE6). For the sake of brevity,
only representative examples have been depicted.

THEMATIC MINIREVIEW: Plant biomass under abiotic stress

5040 J. Biol. Chem. (2018) 293(14) 5035–5043

http://www.ncbi.nlm.nih.gov/pubmed/27512403
http://dx.doi.org/10.7717/peerj.188
http://www.ncbi.nlm.nih.gov/pubmed/24255807
http://dx.doi.org/10.1016/j.ecolecon.2008.07.013
http://dx.doi.org/10.1111/pbi.12279
http://www.ncbi.nlm.nih.gov/pubmed/25431199


date for saline tolerance in Oryza sativa L. Funct. Integr. Genomics 9,
109 –123 CrossRef Medline

8. Sharan, A., Soni, P., Nongpiur, R. C., Singla-Pareek, S. L., and Pareek, A.
(2017) Mapping the ’two-component system’ network in rice. Sci. Rep. 7,
9287 CrossRef Medline

9. Lakra, N., Kaur, C., Anwar, K., Singla-Pareek, S. L., and Pareek, A. (2017)
Proteomics of contrasting rice genotypes: identification of potential tar-
gets for raising crops for saline environment. Plant Cell Environ. 10.1111/
pce.12946 Medline

10. Joshi, R., Prashat, R., Sharma, P. C., Singla-Pareek, S. L., and Pareek, A.
(2016) Physiological characterization of gamma-ray induced mutant pop-
ulation of rice to facilitate biomass and yield improvement under salinity
stress. Ind. J. Plant Physiol. 21, 545–555 CrossRef

11. Nongpiur, R. C., Singla-Pareek, S. L., and Pareek, A. (2016) Genomics
approaches for improving salinity stress tolerance in crop plants. Curr.
Genomics 17, 343–357 CrossRef Medline

12. Demura, T., and Ye, Z. H. (2010) Regulation of plant biomass production.
Curr. Opin. Plant Biol. 13, 298 –303 CrossRef Medline

13. Matte Risopatron, J. P., Sun, Y., and Jones, B. J. (2010) The vascular cam-
bium: molecular control of cellular structure. Protoplasma 247, 145–161
CrossRef Medline
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Cyanobacteria are photosynthetic prokaryotes showing great
promise as biocatalysts for the direct conversion of CO2 into
fuels, chemicals, and other value-added products. Introduction
of just a few heterologous genes can endow cyanobacteria with
the ability to transform specific central metabolites into many
end products. Recent engineering efforts have centered around
harnessing the potential of these microbial biofactories for sus-
tainable production of chemicals conventionally produced from
fossil fuels. Here, we present an overview of the unique chemis-
try that cyanobacteria have been co-opted to perform. We high-
light key lessons learned from these engineering efforts and dis-
cuss advantages and disadvantages of various approaches.

In 1998, Anastas and Warner published a list of 12 principles
of green chemistry as guidelines to help researchers develop
more sustainable chemical processes (1). Cyanobacteria pro-
vide a powerful platform for the development of green catalysts
that utilize renewable feedstock in the form of atmospheric
carbon dioxide (CO2) and convert it into fuels, commodity
chemicals, and value-added products using (sun)light as the
energy source. Cyanobacterial catalysts are expected to meet
several of the green chemistry principles given the benign
nature of the processes. The resultant carbon capture and uti-
lization technologies have the potential to play an important
role in mitigating the harmful effects of elevated CO2 levels if
the technology advances to an industrial scale. Despite the
potential, a number of technological challenges need to be over-
come before cyanobacteria-based processes become commer-
cially viable. In this Minireview, we present an overview of met-
abolic engineering of cyanobacteria and discuss some of the
chemistry that these photosynthetic microbes have been engi-
neered to perform. The studies reviewed herein are proof of
concept for photosynthetic chemical production platforms, but
industrial production systems have yet to be realized.

Cyanobacteria are ancient photosynthetic prokaryotes that
are the progenitors of the higher plant chloroplast. They inhabit

virtually any environment that contains water and can grow
under diverse conditions (2). These organisms are the origina-
tors of photosynthesis and are responsible for generating the
planet’s original oxygen supply (3). Currently, cyanobacteria
account for as much as for 25% of the planet’s primary produc-
tivity and about 2/3 of the primary productivity in the open
ocean (4, 5). Cyanobacteria use photosynthesis and the Calvin-
Benson cycle (CBC)3 to generate biomass using only CO2 and
sunlight as carbon and energy sources (Fig. 1). Manipulating
the metabolism of these photosynthetic prokaryotes provides
the opportunity for direct conversion of CO2 into commodity
chemicals. This strategy may be advantageous over hetero-
trophic bioproduction platforms that require plant-derived fer-
mentable sugars and compete with food production. Eukary-
otic green algae have also been pursued for the production of
lipid biofuels or biohydrogen (6, 7). Cyanobacteria offer distinct
advantages over both plants and green algae. Cyanobacteria are
more efficient at solar energy capture than plants, converting as
much as 9% of the solar energy into biomass compared with
only 0.5–3% for higher plants (8, 9). Additionally, cyanobacteria
acquire their carbon through a bicarbonate intermediate,
which presents a unique opportunity to supply carbon enrich-
ment by the addition of bicarbonate derived from atmospheric
CO2 or factory emissions (10). Cyanobacteria also grow faster
than higher plants and maximize atom economy by not produc-
ing wasteful biomass such as roots and stems. This directs a
higher amount of fixed carbon to desired products. Cyanobac-
teria are also readily genetically tractable, which provides ease
of genetic manipulations to alter their metabolism. In contrast,
the genetic complexity of eukaryotic algae has made metabolic
engineering more challenging (11). Importantly, cyanobacteria
can be cultivated in bioreactors in arid or otherwise unfarmable
land, which minimizes the competition with food crops (12).
However, these organisms, like plants or eukaryotic green
algae, still require significant nitrogen and phosphorus inputs,
which are limited and expensive resources that must be con-
served (12, 13). Culturing cyanobacteria in waste or saltwater
and/or using nitrogen-fixing strains could present a partial
solution to this problem (14).
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In 1999, Deng and Coleman (15) reported the first metabolic
engineering of a cyanobacterium to produce ethanol. Subse-
quent studies over the last 2 decades have demonstrated heter-
ologous expression of pathways for the production of com-
pounds such as alcohols, diols, fatty acids, and organic acids
(Table 1 and references cited therein). These works cover fuel
as well as non-fuel commodity chemicals. In addition, cyano-
bacteria synthesize thousands of bioactive molecules (16, 17),
which are synthesized from pathways that, for the most part,
have not been targeted for production. Although the list of
engineered chemicals is long, the majority is derived from a
small number of central metabolites. Below, we discuss some of
the production pathways that have been engineered in cyano-
bacteria and thereby hope to illustrate the variety of engineer-
ing strategies and an underlying set of metabolic “rules” for
working with photosynthetic microbes.

General comments on metabolic engineering of
cyanobacteria

Metabolic engineering of cyanobacteria presents several
unique challenges posed by their photoautotrophic lifestyle.
Among these are the following: (i) carefully partitioning the flux
of CO2-derived carbon between biomass and chemical produc-
tion (18, 19); (ii) the high level of O2 produced in photosynthesis
will inhibit O2-sensitive enzymes and reactions (20); (iii) pho-
tosynthesis produces NADPH rather than NADH, which can
make NADH-dependent reactions rate-limiting (21–24); and
(iv) there can be radically different metabolic behavior of the
production host in the dark versus light conditions (25, 26).
Furthermore, some core metabolic pathways in cyanobacteria
behave differently than in heterotrophic organisms or are miss-
ing some enzymatic steps. For instance, cyanobacteria do not
have a traditional TCA cycle and are lacking �-ketoglutarate
dehydrogenase. As a consequence, in cyanobacteria the TCA
cycle functions as a bifurcated pathway for production of bio-
mass precursors rather than a complete cycle (27, 28). Redox
balance in cyanobacteria is also a key consideration, as photo-
synthesis can generate an overabundance of reducing equiva-
lents in the absence of sufficient catabolic processes, leading to
stunted growth (29). Finally, it is worth considering that some
cyanobacterial strains may be better equipped to produce cer-

tain types of metabolites due to differences in intracellular
metabolite pools or cell physiology (23, 29 –31).

Metabolic flux analysis of cyanobacteria

A number of studies report intracellular reaction rate analy-
sis of model strains of cyanobacteria either with constraint-
based modeling such as flux balance analysis (32) or isotopic
13C metabolic flux analysis (Fig. 2) (33–35). Notably, glycolysis,
pentose phosphate pathway, and the TCA cycle are far less
active in cyanobacteria during photoautotrophic growth com-
pared with those in model heterotrophs (28). In non-stationary
isotopic 13C-labeling experiments, the intermediates of the
CBC and gluconeogenesis pathway show rapid accumulation of
13C with no detectable label accumulation in the TCA cycle
intermediates, suggesting a slow turnover of these metabolites.
However, some of the recent studies demonstrate plasticity in
cyanobacterial metabolism resulting in a significantly higher
flux through TCA cycle in engineered cyanobacteria (36). This
flexibility in metabolism may be the key to success of the ongo-
ing metabolic engineering efforts.

Bioproduction strategies in cyanobacteria from CO2

Pyruvate- and DHAP-derived products

Pyruvate and DHAP are positioned in close proximity to the
critical carbon-fixation reactions and are generated from glyc-
eraldehyde 3-phosphate (GAP) via one or five chemical steps,
respectively. In general, titers for chemicals produced from
pyruvate or DHAP are among the highest reported for alcohols
in cyanobacteria (15, 37– 40). Pyruvate-derived production
pathways are shown in Fig. 3A. In one of the first cyanobacterial
metabolic engineering projects, ethanol was produced by
expressing pyruvate decarboxylase and aldehyde dehydroge-
nase (15). More recent projects have applied systems-level anal-
ysis to study the whole-cell metabolic effects of ethanol produc-
tion (41). L-Lactic acid has been produced by integrating an
NADH-dependent dehydrogenase and transporters (23, 42).
Yields were further improved by introducing a trans-hydrogen-
ase to convert NADPH to NADH (23). The presence of the
trans-hydrogenase caused a growth defect in cells unless the

Figure 1. Overview of photosynthetic metabolism and production of
green chemicals in cyanobacteria. Energy and reducing equivalents are
generated by photosynthetic and respiratory complexes in the thylakoid
membrane (cartoon top left). ATP, NADPH, and CO2 feed into the Calvin-Ben-
son cycle and glycolysis. Target chemicals produced in cyanobacteria either
through native metabolism or engineering are shown in the red boxes. G3P,
3-phosphoglycerate; PSI, photosystem I; PSII, photosystem II.

Table 1
List of chemicals produced by metabolic engineering of cyanobacteria

Chemical Highest titer Refs.

�thanol 54 nmol OD730
�1 liter�1 day�1 15

�sobutanol 450 mg liter�1 37, 43
Isopropanol 288 mg liter�1 25, 47
1,2-Propanediol 150 mg liter�1 22
1,3-Propanediol 1.22 g liter�1 25, 39
1-Butanol 29.9 mg liter�1 21
Free fatty acids 130 mg liter�1 30, 49, 71, 76, 77
�soprene and isoprenoids 1.26 g liter�1 63,78–80, 82–86
�iohydrogen 54 mol/1017 cells 57
L-Lactate 0.0178 mmol gDW�1 h�1 23, 42
Succinate 430 mg liter�1 56
�sobutyraldehyde 6230 �g liter�1 h�1 37
�cetone 22.48 mg liter�1 50, 53
�thylene 5650 �l liter�1 h�1 55
Sugars and sugar alcohols 35.5 mg liter�1 h�1 31, 59, 64
Glycerol 7733 �g liter�1 h�1 25, 45
3-Hydroxypropionic acid 837.18 mg liter�1 52, 54
3-Hydroxybutyrate 533.4 mg liter�1 48
�lka/enes 1200 �g gDW�1 51, 67, 74
�atural products 5 mg liter�1 79, 99, 100
Phenylpropanoids 7.2 mg liter�1 98
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NADH-consuming dehydrogenase was also present to balance
redox levels (23). Bioproduction of 1-butyraldehyde (37), isobu-
tanol (37, 43), 2-methyl-1-butanol (40), and 2,3-butanediol
(2,3-BD) (38, 44) from pyruvate was engineered by wholly or
partly co-opting the parallel branched-chain amino acid
(BCAA) pathways for valine and isoleucine. The first step in
biosynthesis is an irreversible decarboxylative condensation
that provides a strong thermodynamic driving force for the pro-
duction pathways (21, 37). The alcohols and aldehydes are gen-
erated from BCAA intermediates by further decarboxylation
and reduction. The production of 2,3-BD follows from decar-
boxylation of 2-acetolactate to acetoin and reduction to 2,3-BD
(38). A common feature of each of these engineered pathways is
the presence of at least one decarboxylation step and reduction
using NADPH as a cofactor. The high yield observed for these
pyruvate-derived products may be attributable to the following:

(i) the high concentration of substrate (pyruvate) available dur-
ing active photosynthesis; (ii) the presence of an early irrevers-
ible decarboxylation step in some of the pathways; and (iii) uti-
lization of NADPH as a redox cofactor, which is abundantly
available under photoautotrophic growth.

1,2-Propanediol and 1,3-propanediol have been produced
from DHAP (Fig. 3B) (22, 25). 1,3-PD is produced from DHAP
via glycerol, which is generated as a side product in consider-
able quantities (25). Increasing expression of the bottleneck
enzymes that convert glycerol to 1,3-PD resulted in a 4-fold
increase in 1,3-PD and a concomitant decrease in glycerol (39).
Glycerol production has been engineered as a useful 3-carbon
precursor for a variety of chemicals (45). 1,2-PD was produced
via methylglyoxal and acetol in two reductive steps (22). Swap-
ping of NADH-dependent enzymes for those that utilize
NADPH increased product titers of 1,2-PD nearly 10-fold (22),
providing another example of the importance of matching
cofactors to the production host.

Acetyl-CoA– derived products

Overall, product titers from acetyl-CoA–derived metabolites
are lower than those derived from pyruvate, likely due to the
low carbon flux to the TCA cycle and acetyl-CoA during light
periods (Fig. 2) (27). It has been suggested that under light con-
ditions cyanobacteria primarily utilize these pathways to gen-
erate carbon precursors for cellular components, as photosyn-
thesis can generate sufficient reducing equivalents and energy
(27). Thus, a key limitation is driving sufficient carbon to acetyl-
CoA. One method is to activate glycolysis by inducing dark
fermentation of the stored glycogen reserves generated during
light periods (46). Alternatively, acetyl-CoA production can be
triggered by nitrogen starvation of the cells (29, 47), although
this can result in lower overall product yields due to decreased
cell growth. Meaningful production levels of some chemicals
were achieved only when cells were exposed to dark periods and
nutrient starvation to increase the available acetyl-CoA pool (20,
29, 46–48). Without intervention, dark fermentation can result in
the wasteful excretion of acetate and other compounds by cyano-
bacteria (26). In some cases, deletion of enzymes catalyzing the
conversion of acetyl-CoA to acetate or storage polyhydroxybu-
tyrates (PHB) has led to increased production of target chemicals
(29, 49–52). Alternatively, Anfelt et al. (29) introduced a shunt by
expressing phosphoketolase and phosphate acetyltransferase to
directly convert CBC intermediates to acetyl-CoA.

A common theme in the bioproduction of acetyl-CoA is to
convert it to acetoacetyl-CoA, which is then converted to 4-car-
bon products by reduction or 3-carbon products by decarbox-
ylation and reduction (Fig. 3C). Acetone is produced from ace-
toacetate by decarboxylation (50, 53). Isopropanol can then be
produced from acetone by reduction. The highest yields of iso-
propanol required culturing under light conditions followed by
dark incubation to ferment the carbon stores generated during
the light period into product (25, 47). 1-Butanol has been pro-
duced by introduction of an NADH-dependent fermentative
Clostridium pathway under anoxic or under nitrogen-starved
conditions (20, 29). Lan and Liao (21) improved 1-butanol
production by introducing an ATP-dependent irreversible
step to drive formation of acetoacetyl-CoA and by using

Figure 2. Generalized flux map for cyanobacterial photoautotrophic
metabolism. The arrow thicknesses are proportional to the flux through the reac-
tions. The flux values shown here are normalized to a CO2 uptake rate of 100
mmol/gDW/h and are averages of two studies involving 13C metabolic flux anal-
ysis performed on Synechocystis sp. PCC 6803 (33) and Synechococcus sp. PCC
7002 (35). The dotted arrows indicate drawdown of carbon for biomass synthesis.
2PG, 2-phosphoglycerate; 3PGA, 3-phosphoglycerate; ACA, acetyl-CoA; ADPG,
ADP-glucose; AKG, �-ketoglutarate; E4P, erythrose-4-phosphate; F6P, fructose-6-
phosphate; FUM, fumarate; G1P, glucose-1-phosphate; G6P, glucose-6-phos-
phate; ICI, isocitrate; MAL, malate; OAA, oxaloacetate; PEP, phosphoenolpyruvate;
PYR, pyruvate; R5P, ribose-5-phosphate; RU5P, ribulose-5-phosphate; RUBP, ribu-
lose-1,5 bisphosphate; S7P, sedoheptulose-7-phosphate; SBP, sedoheptulose-
1,7-bisphosphate; UDPG, UDP-glucose; X5P, xylulose-5-phosphate.
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NADPH-dependent enzymes in the subsequent steps. This
strategy of introducing an irreversible step was also utilized by
Chwa et al. (53) to increase acetone production from aceto-
acetyl-CoA. 3-Hydroxybutyrate (3-HB) production was engi-
neered by increasing flux to 3-HB via acetoacetyl-CoA, express-
ing thioesterase, and by deleting the enzyme that catalyzes the
polymerization of 3-HBs to the storage molecule PHB (48).
This led to excretion of 3-HB from the cells. The product titers
improved when the culture was subjected to phosphate starva-
tion (48). 3-Hydroxypropionic acid (3-HP) has been produced
from malonyl-CoA via two successive reductions with malo-
nate semialdehyde as an intermediate (54). The authors also
introduced a parallel pathway to 3-HP via �-alanine to avoid the
feedback-regulated synthesis of malonyl-CoA from acetyl-CoA
(54). 3-HP titers have been improved by increasing flux to mal-
onyl-CoA production and eliminating competing pathways
(52).

TCA cycle– derived products

The TCA cycle in cyanobacteria is under-utilized compared
with that in heterotrophic organisms but is activated in
response to certain growth conditions (27). Succinate and eth-
ylene have been produced by intervening at the level of the TCA
cycle (55, 56). Succinate can be produced during dark fermen-
tation in some cyanobacterial strains (26, 57). Increased succi-
nate production via the oxidative TCA cycle branch was engi-
neered by introducing �-ketoglutarate decarboxylase and
succinic semialdehyde dehydrogenase (56). Product titers were
improved nearly 4-fold by increasing carbon flux by overex-
pressing phosphoenolpyruvate carboxylase and citrate syn-
thase (56). Succinate was secreted from the cells into the
medium. Ethylene is the most widely produced chemical feed-
stock on the planet. Inclusion of a single gene, ethylene-forming
enzyme, converts �-ketoglutarate into ethylene, which is then
collected directly from the culture headspace (55). A challenge

Figure 3. Representative engineered and native production pathways for chemicals in cyanobacteria. Panels show bioproduction pathways derived
from pyruvate (A), dihydroxyacetone phosphate (B), acetyl-CoA (C), and fatty acyl-ACPs (D). Red arrows indicate NAD(P)H-dependent oxidation or reduction
steps. Blue arrows indicate decarboxylation steps. Black arrows are other types of enzymatic steps. A, branched-chain amino acid pathway is boxed. Starting
metabolites are in gray circles. ACAC, acetoacetate; 1-BA, 1-butyraldehyde; 1-BO, 1-butanol; IB, isobutanol; IP, isopropanol; PYR, pyruvate; WE, wax ester.
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of working in the TCA cycle is that �-ketoglutarate and other
intermediates serve as carbon skeletons for amino acids and
other cellular components. Thus, the engineered catabolic pro-
cesses must be balanced by regeneration of the substrate to
sustain biomass production (27, 56).

Glycogen and sugar products

During light periods, cyanobacteria store excess carbon and
energy in the form of intracellular glycogen granules (58). Typ-
ically, between 5 and 15% of the fixed carbon is stored via this
pathway with the glycogen content reaching 50% under certain
growth conditions (31, 59). The diurnal lifestyle then mandates
that the stored chemical energy is utilized during dark periods
similar to that during heterotrophic growth. Additionally,
freshwater cyanobacteria naturally accumulate intracellular
sucrose as an osmoregulator when exposed to salt stress (60).
This property has been utilized to induce sugar excretion by
integrating transporters and exposing cells to high-salt condi-
tions (31, 42, 61). This results in considerable accumulation of
sugars in the growth medium. It may be possible to use a cya-
nobacterial co-culture to produce sugar feedstock for ferment-
ative bioproduction of commodity chemicals by heterotrophs
(61).

Interestingly, glycogen knockout mutants grow well under
laboratory conditions even under diurnal growth conditions.
Thus, a glycogen knockout strategy has been utilized to divert a
greater fraction of the fixed carbon to products of interest. To
exemplify this approach, the sugar alcohol mannitol has been
produced from fructose 6-phosphate by introduction of man-
nitol dehydrogenase and phosphatase and by knocking out
glycogen synthesis (62). Deleting glycogen synthesis is an
attractive strategy as it can force cells to utilize other carbon
sinks–such as engineered production pathways–to balance car-
bon fixation and consumption processes (43, 62, 63). Indeed,
carbon and redox equivalent production by the CBC and pho-
tosynthesis may actually exceed catabolic processes and
thereby act as a bottleneck to production. Integration of car-
bon-consuming production pathways has, in some cases, been
shown to increase cell growth rate and photosynthetic activity,
possibly by alleviating feedback photosynthetic inhibition (61,
64). Although promising, this strategy requires careful carbon
partitioning to maintain cell growth and to minimize accumu-
lation of undesirable fermentative metabolites (63). It remains
to be seen whether a similar knockout of other carbon storage
pathways or non-essential genes (58) would lead to greater flux
toward the desired products.

Fatty acyl-ACP– derived products

Fatty acyl-ACP molecules are produced via the fatty-acid
synthase (FAS) pathway in cyanobacteria using acetyl-CoA and
malonyl-CoA as building blocks (65). Unlike eukaryotic
microalgae, cyanobacteria do not synthesize triacylglycerols as
a carbon storage (6). However, cyanobacteria naturally produce
alkanes and alkenes (C15–C19) from acyl-ACPs (66 –68). Pro-
duction of several fatty acyl-ACP– derived products has been
engineered in cyanobacteria, including free fatty acids (FFAs)
(30, 49, 69 –71), fatty alcohols and aldehydes (72, 73), hydrocar-
bons (51, 74), and wax esters and triacylglycerols (Fig. 3D) (73).

The FAS pathway is tightly feedback-regulated, and overcom-
ing this bottleneck is one of the challenges for increasing pro-
duction yields (75). Engineering generally relies on first releas-
ing the fatty acyl-ACP from the carrier protein either by
hydrolysis to FFAs or reduction to aldehydes. FFAs are pro-
duced by introducing acyl-ACP thioesterase(s) to cleave fatty
acids from ACP and deleting enzymes that recycle FFAs back to
acyl-ACPs (49, 69, 76). This strategy relieves feedback inhibi-
tion of FAS and results in excretion of FFAs into the growth
medium (49, 76). FFA excretion has also been accomplished by
expressing lipases to cleave FFAs from membrane-bound dia-
cylglycerol lipids (77), although this method does result in cell
lysis. Alternatively, acyl-ACP reductase reduces ACP-linked
fatty acids to the corresponding aldehydes (67, 73), a versatile
substrate that can be converted to hydrocarbons by aldehyde-
deformylating oxygenase (51), fatty alcohols by reduction (72,
73), or recycled to FFAs by oxidation (73). Alkane overproduc-
tion has been explored by overexpressing acyl-ACP reductase,
aldehyde deformylating oxygenase, and increasing availability
of acyl-ACP substrate by overexpressing acyl-ACP synthase
and FAS complex enzymes (51). Changing culture conditions
by increasing light or nutrient starvation has also been shown to
increase alka/ene production in certain strains (74). Current
production of FFAs and related compounds may be limited
more by the negative physiological effects that overproduction
has on the host rather than metabolism (76, 77). Overexpres-
sion damages the thylakoid and plasma membranes, leading to
compromised photosynthesis, increased cell permeability, and
sensitivity to mechanical shock (49, 76, 77). The use of alterna-
tive cyanobacterial production hosts where toxicity is reduced
offers one means to overcome the current limits (30).

Fuel-like isoprenoid products

Cyanobacteria encode the methylerythritol phosphate
(MEP) pathway to synthesize isoprenoid compounds. The MEP
pathway is initiated from pyruvate and GAP. Cyanobacteria use
this pathway to generate precursors for carotenoids, phytol,
sterols, and other pigments (78). Because of the low natural
carbon flux into this pathway in cyanobacteria and inherent
regulation (79 –81), it has thus far been challenging to generate
high yields of isoprenoid molecules. In some strains, flux
through the MEP pathway can be increased by raising light
intensity (79). C10–C20 isoprenoids are attractive as “green” jet
fuels due to their chemical similarity to petroleum-derived
fuels. A variety of C5–C30 isoprenoids has now been produced,
most often by integration of a single enzyme. Cyanobacteria do
not naturally encode an isoprene synthase, and integration of
this gene from plants results in heterologous formation of iso-
prene that evaporates from the growth medium (78). Gao et al.
(80) used in silico metabolic modeling to simulate flux and
optimize carbon flow through the complete MEP pathway,
leading to significantly increased production of isoprene.
Engineering of the whole pathway represents a method to
overcome the inherent regulation of native pathways that
may limit product yields. Production of larger isoprenoid
compounds has been accomplished by introducing terpene
synthases from plant or tree species to redirect isoprenoid
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intermediates to limonene, �-phellandrene, caryophyllene,
bisabolene, farnesene, and squalene (63, 82– 86).

High-value natural products

Both plants and cyanobacteria synthesize thousands of
diverse secondary metabolites, or “natural products” (NPs) (16,
17, 87, 88). Many NPs have potent bioactivities that are valuable
to medicine and agriculture (17, 89). However, synthetic biol-
ogy and metabolic engineering have only rarely been applied to
NP pathways, due to the large size of the biosynthetic gene
clusters and the complex enzymatic transformations that are
involved (16, 90, 91). Fortunately, new tools should now allow
large gene clusters to be more easily cloned (92). Because of
their metabolic similarity to plants and capacity for production
of NPs, cyanobacteria are attractive production platforms for
high-value NPs, including isoprenoids and those synthesized by
non-ribosomal peptide synthetases (NRPS) and polyketide syn-
thases (PKS). In contrast, heterotrophic expression of NRPS,
polyketide synthase, or cytochrome P450s from plants or cya-
nobacteria is challenging due to genetic and biochemical
incompatibilities (93–96). Furthermore, the biosynthesis of
plant terpenoids often relies on cytochrome P450 monooxyge-
nases that use NADPH, a cofactor that is in abundance in cya-
nobacteria but not in heterotrophs (97). Successful expression
of a membrane-bound plant cytochrome P450 in a cyanobac-
terium led to the production of caffeic acid from p-coumarate
(98). Protein engineering has also been used to channel photo-
synthesis-derived electrons from cytochrome P450s to produce
plant NPs (97, 99). Englund et al. (79) reported integrating a
partial plant pathway to produce manoyl oxide, a precursor to
the diterpenoid forskolin. Production was accomplished by
integrating two stereospecific diterpene cyclases from Coleus
(79). Production yields were improved by overexpressing a het-
erologous geranyl pyrophosphate synthase and the first enzyme
in the MEP pathway (79). Videau et al. (100) engineered lyngb-
yatoxin production by cloning and transferring the biosyn-
thetic NRPS genes from a slow-growing marine cyanobacte-
rium to a laboratory strain. This study illustrates that model
strains can serve as heterologous production hosts for marine
cyanobacterial NPs.

Concluding comments

Significant progress has been made in the last 2 decades
toward metabolic engineering of cyanobacteria. These ad-
vances are due, in part, to improvements in synthetic biology
tools and our increased understanding of the underlying cya-
nobacterial metabolism. However, although many successful
proof of concept studies have been carried out, little work is
currently being performed to commercialize the technology.
The determinants of commercial success lie in the productivity,
titer, and stability that can ultimately be attained by engineered
strains in an industrial setting. In this quest, there is a need to
experimentally determine the theoretical limit of the produc-
tion rates. Much more work is needed in the area of metabolic
engineering to direct a larger portion of the fixed carbon into
the desired end products. Most of the proof of concept studies
were performed in slow-growing laboratory strains that may
not be suitable for outdoor cultivation. Thus, identification and

development of robust, fast-growing strains that grow well in
high light and temperature and in salt or wastewater are critical.
Finally, there has been little work performed on scaling up lab-
oratory systems to production scale. The biology has come a
long way, but the engineering efforts that are required for
industrialization have not received enough interest. Low-cost
bioreactors or other systems such as open ponds need to be
improved, and technology to harvest the end products needs to
be developed. As cyanobacterial productivity improves, invest-
ments should aim to acquire the technology and infrastructure
to scale up production. Although we may still be years away
from commercial cyanobacterial cell factories, the great poten-
tial of these organisms as sustainable green production systems
should attract continued interest from metabolic engineers for
years to come.
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Polysaccharide-based biopolymers have many material prop-
erties relevant to industrial and medical uses, including as drug
delivery agents, wound-healing adhesives, and food additives
and stabilizers. Traditionally, polysaccharides are obtained
from natural sources. Microbial synthesis offers an attractive
alternative for sustainable production of tailored biopolymers.
Here, we review synthetic biology strategies for select “green”
biopolymers: cellulose, alginate, chitin, chitosan, and hyaluro-
nan. Microbial production pathways, opportunities for pathway
yield improvements, and advances in microbial engineering of
biopolymers in various hosts are discussed. Taken together, micro-
bial engineering has expanded the repertoire of green biological
chemistry by increasing the diversity of biobased materials.

Context for polysaccharide-based biopolymers

Polysaccharide-based scaffolds have applications in medi-
cine, as agricultural and food products, and as biomaterials with
bioactive, biocompatible, and biodegradable properties (Table
1). Biopolymers, such as the chitin derivative chitosan, have
been shown to accelerate wound healing (1) and offer opportu-
nities for scalable manufacturing in the bioprinting industry (2).
Traditionally, biopolymers are obtained from natural sources
by extraction from the environment and require further down-
stream processing, including, in many cases, the use of harsh
chemicals to obtain desired material properties. For example,
chitin, which is traditionally sourced from shellfish, is a waste
product resulting from the seafood industry that requires
chemical protection and deprotection steps of various hydroxyl
groups to impart desired functional properties (3).

Biobased production of chemicals from sugars and biomass
is more sustainable than traditional non-renewable petrochem-
ical routes (4). The cell factory approach, where a chemical is
synthesized in vivo, utilizes simple and inexpensive starting
materials like glucose. Metabolic pathways can be overex-

pressed and optimized in native organisms or reconstructed
into heterologous hosts for improved yields. In the past 30
years, notable advances have been made in the microbial bio-
synthesis of building block chemicals, such as dicarboxylic
acids (e.g. glucaric acid (5)), diamines (e.g. putrescine (6)),
hydroxyacids (e.g. 3-hydroxybutyrate (7)), and diols (e.g.
butanediol (8)). Whereas microbial production of bioplastics
from hydroxyacid monomers is a keystone example of industrially
relevant biopolymerization (9), this Minireview will not cover this
area as other reviews sufficiently discuss this topic (10).

By harnessing nature’s toolbox of diverse biochemistry,
microbial production of building block monomers can be
extended to in-cell functionalization and polymerization. One-
step microbial production of biopolymers is a sustainable alter-
native to avoid the use of environmentally damaging chemicals
and catalysts and offers a scalable process that does not depend
on harvesting from fragile ocean ecosystems, as is the case for
biopolymers chitin and alginate; competing for valuable land as
is the case for cellulose; or interfering with ethics of animal-
based products as is the case for hyaluronan. Synthesizing
biopolymers through enzymatic or whole-cell biocatalysis
allows for higher regio- and stereoselectivity for in-cell compo-
sition-tailoring of polymers, which can reduce downstream pro-
cessing. Useful objectives for metabolic engineering are poly-
mer chain length by molecular weight control, sequence of
saccharide units for composition control, and yield improve-
ments for increased economic feasibility. Although greener
methods do exist for biopolymer extraction from natural
sources, such as utilization of ionic liquids for extracting chitin
from crustacean shells (11), the economic competitiveness ver-
sus synthetic biology strategies has not yet been demonstrated.

This Minireview highlights strategies for cellular biosynthe-
sis of select industrially and medically relevant polysaccharides:
cellulose, alginate, chitin, chitosan, and hyaluronan. These
biopolymers are examples of polysaccharides that are synthe-
sized by the synthase-dependent pathway where polymeriza-
tion and translocation processes are performed by a single syn-
thase protein complex (12). Native biosynthetic mechanisms,
such as microbial exopolysaccharide (EPS)3 biosynthesis, serve
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as a template for biotechnological production of biomaterials.
Typically, synthase-dependent pathways favor homopolymer
formation, and the polymers are released into the extracellular
environment as non-covalently associated EPS fibers. These
fibers are secreted into the surrounding environment at high
molecular weights and can be harvested from cell cultures in a
cost-effective manner by filtration. Several studies have dem-
onstrated the synthesis of natural or novel variants of biopoly-
mers from engineered organisms (13). General production
strategies for microbial biosynthesis of biopolymers, such as
increasing the pool of metabolite precursor supply and carbon
flux toward the end product (14), are discussed within. Because
of the diversity of material design options, microbial produc-
tion of biopolymers also offers an attractive opportunity toward
the production of new, custom-made materials beyond those
from natural sources, such as engineered biosynthesis of non-
natural fluorinated polyhydroxyalkanoates for bioplastics (15).

Synthetic biology strategies for polysaccharide
biosynthesis

Cellulose

Cellulose is the most abundant polymer on the planet and is
one of the most widely used natural materials in products such
as papers and textiles. The value of the global market size for
cellulose fiber was USD 20.61 billion in 2015 and is projected to
reach USD 48.37 billion by 2025 (16). Cellulose is a monomeric
polymer of �(134) D-glucose units (Fig. 1A) forming chains
that twist into higher crystalline structures of cellulose I (tri-
clinic structures I� and I�) and cellulose II. Cellulose crystals
are formed by aggregation of nearby chains secreted from col-
lections of cellulose synthase complexes arranged in the cell

membrane, typically forming rosettes in plant cells and axially
aligned lines in bacteria (17).

Bacterial cellulose (BC) production offers unique advantages
over plant fiber processing by reducing the chemical and power
input during purification and offering access to the cell surface
through the media to modulate crystal formation during syn-
thesis. Manual addition of hydrogen bonding molecules to the
culture media can control I�/I� ratios and molecular weights in
resulting cellulose particles (18, 19). BC crystals interweave in
random patterns according to bacterial movement and form a
pellicle at the oxygen–media interface that grows to take the
shape of the bioreactor. Pellicles (also called tea mushroom or
Symbiotic Culture of Bacteria and Yeast (SCOBY)) occur natu-
rally on the surface of Kombucha fermented tea cultures and
have been used as materials for thousands of years (20). When
grown in controlled conditions, regular cellulose films with
complex structure can incorporate functional additives to
achieve optical activity, conductivity, magnetism, and photo-
catalytic degradation (21). The genetic tractability of bacteria
makes cellulose material synthesis an attractive target for syn-
thetic biology.

Bacterial cellulose synthase (BCS) requires cyclic di-GMP for
activation and is internally regulated by accumulation of UDP,
which is released from UDP-glucose during polymerization
(Fig. 2) (22). Heterologous expression of Gluconacetobacter
xylinus cellulose synthase genes from plasmids in Escherichia
coli led to amorphous synthesis and a non-native cellulose II
structure indicating the importance of membrane organization
to crystallization (23). Bacteria that produce crystalline fibrils
include a fourth gene bcsD that is likely to facilitate the forma-
tion of multienzyme structures in the membrane, as evidenced
by knockouts that produce cellulose with reduced crystallinity
(24). BCS operons are known to occasionally include a gene
encoding endoglucanase, BcsZ, which is capable of specifically
degrading amorphous improperly formed cellulose chains.
Inclusion of BcsZ protein after fibrils are formed increases crys-
tallinity in reconstituted in vitro systems (24). Induction by
quorum-sensing molecule N-acyl homoserine lactone can be
used to penetrate the pellicle layer and lead to effective control
of engineered expression in a newly isolated strain of Komaga-
taeibacter rhaeticus (25). Maximum titers of 15.3 g/liter at pro-
duction rates of up to 3.1 g/liter/h have been achieved in biore-
actor fermentations with Acetobacter (Table 1) (26).

Alginate

Alginates are natural biopolymers that are abundant in
marine brown algae (Phaeophyceae) (27) and in Pseudomonas
and Azotobacter genera of bacteria (28). These EPS are the
major structural component of algal cell walls, comprising up to
40 – 45% of the total algal dry matter (29), whereas in Pseu-
domonas and Azotobacter, alginates contribute to highly-struc-
tured biofilm-matrix and cyst-wall formations, respectively
(30). Commercially, alginates have widespread use as stabiliz-
ers, viscosifiers, and gelling agents in food, cosmetics, beverage,
paper, printing, and pharmaceutical industries (28). Globally,
the demand for alginates was valued at USD 624 million in
2016, and the demand is projected to reach USD 923.8 million
by 2025 with a consumption volume of 21,516 tons (31).

Figure 1. Chemical structures of biopolymers highlighted in this Minire-
view. A, cellulose; B, alginate; C, chitin, D, chitosan; E, hyaluronan. The number
of units is indicated on the bottom right of each bracket. X and Y designate
different monomeric units.
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Structurally, alginates are a family of linear, non-repeating
block copolymers consisting of variable ratios of �-D-mannu-
ronic acid and its C5 epimer �-L-guluronic acid linked by
�-(1,4)-glycosidic bonds (Fig. 1B) (32). Variation in the molar
ratios of �-D-mannuronic acid to �-L-guluronic acid residues
controls the molecular weight and material properties of alg-
inates. Because of their unique water-retaining capability,
biocompatibility, low toxicity, relatively low cost of produc-
tion, and temperature-independent mild gelation (sol-gel
transition) ability in the presence of multivalent cations
(e.g. Ca2�), alginates are excellent biomaterials for use in
biomedical applications, including wound healing, dental
implants, drug delivery systems, tissue engineering, and
regenerative medicine (33).

The alginate biosynthesis pathway has been extensively
investigated in Pseudomonas aeruginosa (34) and Azotobacter
vinelandii (35), but the complex polymerization, transport, and
secretion system, as well as regulatory mechanisms controlling
the pathway, are not fully understood. Metabolic engineering
efforts for increasing alginate production are still in their
infancy. Alginate production is tightly regulated in bacteria,
and thus efforts have been made to characterize and engineer
the regulatory system in Pseudomonas fluorescens (36) to iden-
tify the correlation between precursor availability and alginate
production. Maleki et al. (37) showed increased alginate
production (2.2 g/liter) from glycerol in an engineered P. fluo-
rescens strain, in which deletion of glucose-6-phosphate dehy-
drogenase redirected more carbon flux through the Entner-
Doudoroff pathway to produce alginate precursor fructose
6-phosphate (Fig. 2). A similar correlation between alginate
production and precursor availability was observed in another
recent study with P. fluorescens (38). Studies with A. vinelandii
(39) utilized a different strategy, in which increased carbon
fluxes were channeled toward alginate production by disrupt-
ing the competing polyhydroxybutyrate pathway. Implement-
ing this strategy resulted in an alginate titer of up to 6.6 g/liter
with a yield of 1.9 g/g sucrose. Single gene-deletion studies in
A. vinelandii (39, 40) also increased alginate yield (0.66 g/g on
sucrose) (Table 1) and lowered the degree of acetylation for
altered molecular composition. More recently, alginate over-
production was reported during biofilm formation in a newly
discovered strain Pseudomonas mandelii 6A1 (41) that was iso-
lated from Antarctica (41). Biofilm formation by the strain was
increased at lower temperatures due to increased alginate pro-
ductivity, which in turn was correlated to the down-regulation
of the regulatory protein MucA, which acts as a repressor in the
alginate operon (41).

Synthetic biology strategies for aminopolysaccharide
biosynthesis

Chitin and chitosan

The aminopolysaccharide monomer glucosamine (GlcN)
and its derivative N-acetylglucosamine (GlcNAc) are attractive
candidates for microbial biosynthesis because of the facility of
the amine group for functionalization and the utility for subse-
quent polymerization into chitin and chitosan (Fig. 2). GlcN
and GlcNAc are glucose moieties with C2 hydroxyl substitutionT
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by an amino group and acetylated amino group, respectively.
Aminopolysaccharides and subsequent biopolymers have tra-
ditionally been obtained through strong acid hydrolysis of chi-
tin from shellfish. In recent years, microbial production of GlcN
and derivatives has been demonstrated in a variety of hosts
including E. coli, Bacillus subtilis, and Saccharomyces cerevisiae
(42).

In E. coli, expression of GlcNAc transferase and deletion of
nagE, a GlcNAc transporter, increased GlcN titer to 17 g/liter
(43). The GlcNAc synthesis module has been strengthened at
the transcriptional level by increasing enzyme expression
through testing a range of promoters for two key enzymes, glu-
cosamine synthase and glucosamine acetyltransferase (44).
Elimination of acidic by-products was accomplished by knock-
ing out ldh and pta of the lactate and acetate synthetic path-
ways, respectively. By overexpressing glucosamine synthase
(GlmS), inactivating catabolic genes, and utilizing a two-stage
fed-batch fermentation, Deng et al. (43) achieved GlcN titers of
up to 110 g/liter in E. coli in a fed-batch fermentation (Table 1).

In B. subtilis, expression of various combinations of synthetic
small regulatory RNAs and the Hfq protein, designed to repress
glycolysis by targeting pfk (encoding phosphofructokinase) and
peptidoglycan synthesis by targeting glmM (encoding phos-
phoglucosamine mutase), improved GlcNAc titers to 31.65
g/liter in a 3-liter fed-batch bioreactor (45). With a dynamic
metabolomics approach, Liu et al. (46) found that a futile cycle
between N-acetylglucosamine-6-phosphate (GlcNAc-6-P) and
GlcNAc is the primary challenge for pathway productivity,
due to high energy demands of ATP phosphorylation–
dephosphorylation. Deletion of the responsible glucokinase
doubles GlcNAc productivity through a dual effect of increas-
ing ATP and restoring healthy growth to the cell.

In S. cerevisiae, a synthetic suicide riboswitch that regulated
growth in response to the precursor GlcN-6-P was applied to
screen for overproducers of GlcNAc. The growth-coupled cir-
cuit allowed for screening of an effective glutamine-fructose-6-
phosphate transaminase (GFA1) mutant and haloacid dehalo-
genase-like (HAD) phosphatase (47). The mutant contained
changes in GFA1 expression, which is the first and rate-limiting
step of chitin biosynthesis, along with overexpression of HAD
phosphatase YqaB, specific for conversion of GlcNAc-6-P
to GlcNAc. Subsequently, GlcNAc production was further
improved by reducing glycolytic flux by the disruption of pfk-2,
achieving titers of 1.2 g/liter when fed glucose and 1.8 g/liter
when fed galactose, in shake flask fermentation (48). Under
galactose feeding, deletion of pfk-2 allowed for enough reduc-
tion of glycolysis to activate gluconeogenesis thus allowing for
galactose to be used as a sole carbon source.

Microbial production challenges in the biosynthesis of GlcN
and GlcNAc include feedback inhibition effects where GlcN-
6-P is a strong inhibitor of GlcN synthase and GlcN degrada-
tion, thus limiting the accumulation of GlcN inside the cell (Fig.
2) (49). Additionally, aminosugars can serve as alternative car-
bon and nitrogen sources, so it is difficult to achieve high titers
in culture broth, unless a recovery strategy is incorporated
in the fermentation (43). UDP-N-acetylglucosamine (UDP-
GlcNAc) is normally maintained at high intracellular concen-
trations in growing bacterial cells to balance growth and pro-
duction as the sugar donor for the synthesis of N-acetylated
chitooligosaccharide, the precursor for the biosynthesis of pep-
tidoglycan. Aminosugars containing free amino groups are
unstable in aqueous solution at neutral pH where GlcN can
undergo spontaneous rearrangement and dimerization to form
fructosazine, D-arabinose, and pyrazine derivatives, among oth-
ers (50). Thus, biopolymerization is advantageous to circum-
vent degradation issues. Opportunities exist for combining
strategies for GlcN and GlcNAc overproduction for subsequent
biopolymerization.

Chitin is the second most abundant biopolymer on the planet
and is found in almost all fungi, many animals (invertebrates),
several protists, and a few algae, playing an essential role in
structure. Over 800 putative chitin synthases associated with
130 genomes have been identified (51). Chitin is a hexosamine
biopolymer composed of as many as 5,000 �-(1,4)-glycosidi-
cally linked GlcNAc units cross-linked by hydrogen bonding
(Fig. 1C). Chitosans are deacetylated chitin, as heteropolymers
of GlcNAc and GlcN units (Fig. 1D). Chitosans are variable

Figure 2. Overview of biosynthetic routes to biopolymers. The main steps
in the microbial biosynthetic routes for cellulose, alginate, chitin, chitosan,
and hyaluronan from glucose are briefly depicted. The solid arrow represents
an enzymatic step, and the broken arrow represents a multistep pathway that
includes a number of enzymatic steps. The yellow circle represents the start-
ing material, glucose; gray circles represent intermediate metabolites; red cir-
cles represent a sugar nucleotide; and blue, orange, purple, and green circles
represent product biopolymer molecules. Abbreviations used are as follows:
AcCoA, acetyl coenzyme-A; BC, bacterial cellulose; F6P, fructose 6-phosphate;
G1P, glucose 1-phosphate; G6P, glucose 6-phosphate; GDP-Man, GDP-man-
nose; GDP-ManA, GDP-mannuronic acid; GlcN-6-P, glucosamine 6-phosphate;
GlcNAc-1-P, N-acetylglucosamine 1-phosphate; GlcNAc-6-P, N-acetylgluco-
samine 6-phosphate; M1P, mannose 1-phosphate; M6P, mannose 6-phos-
phate; OAA, oxaloacetate; TCA, tricarboxylic acid; UDP-Glc, UDP-glucose;
UDP-GlcNAc, UDP-N-acetylglucosamine; UDP-GlcUA, UDP-glucuronic acid.
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mixtures of molecules depending on the degree of polymeriza-
tion and the degree of acetylation and are valuable functional
biopolymers due to their physicochemical and biological com-
patibility. Chitosans have many agricultural, industrial, and
biomedical applications, including use as an agricultural agent
for plant defense and yield increase (52), drug delivery (53),
wound healing (54), water filtration (55), and bio-printing (2).
Chitosan trisaccharide is a valuable precursor for synthesis of
epitopes such as type II blood group antigens (56). The global
market size for chitin and chitosan was valued at USD 3.19
billion in 2015 and is projected to reach USD 17.84 billion by
2025 (57, 58). Microbial production of chitin and chitosan
offers a green alternative to shellfish harvesting and allows for
control of degree of polymerization and acetylation (59). van
Montagu and co-workers (60) pioneered a cell factory approach
for chitin oligosaccharide biosynthesis in E. coli by functional
expression of the nod gene cluster from Rhizobium. NodC is a
chitin oligomer synthase (Fig. 2) producing fully acetylated chi-
tin oligomers of 2–5 saccharide residues (61), where the C-ter-
minal domain of transmembrane NodC controls chain length
(62). In vitro exposure of chitin oligosaccharides to enzymes
NodB from Rhizobium sp. GRH2 and COD from Vibrio chol-
erae allowed for specific patterning of deacetylated chitosan
oligomers (63). In 1997, Samain et al. (64) demonstrated the
production of gram amounts of a perfectly defined, mono-
deacetylated chito-pentose with a GlcN unit at the non-reduc-
ing end in E. coli (Table 1). Novel chitosan oligomers have been
obtained, such as N-acetyl-lactosamine (65) and thio-chito-ol-
igosaccharide analogs, where the oxygen glycosidic linkage is
replaced with sulfur for improved stability against hydrolysis by
chitinases (66).

Hyaluronan

Hyaluronic acid (HA), also known as hyaluronan, is known
for its structural role in the extracellular matrix of vertebrate
epithelial, neural, and connective tissues like cartilage. HA is a
linear copolymer of disaccharide units of �(133)-GlcNAc and
�(134)-glucuronic acid (Fig. 1E), produced in varying molec-
ular weights, by vertebrates and prokaryotes. The repeating
carboxylate groups from glucuronic acid moieties are highly
hydrophilic and HA polymers have been incorporated for water
retention and viscosity properties in cosmetics for more than
100 years. Purified high molecular weight preparations of HA
elicit no detectable inflammatory response in mammalian cells,
making HA a key functional material in designs for surgical
biomaterials and cell scaffolds (67) such as HA-based hydrogels
enabling the successful culture of rod photoreceptors in vitro
(68). The global demand for HA was estimated to be worth USD
7.2 billion in 2016; thanks to the steady increase in demand, the
global market size is projected to reach USD 15.4 billion by 2025
(69).

Traditionally, HA is purified from animal tissues such as
rooster combs and umbilical cords. A lower cost bacterial fer-
mentation method has been developed by leveraging the natu-
ral producer Streptococcus zooepidemicus. However, natural
microbial HA pathways have typically evolved as a masking
technique to hide invading cells within the human body, and
S. zooepidemicus is itself a recognized human pathogen. Endo-

toxins and viral contaminants from animal and pathogen
sources are a source of concern and have driven development of
sustainable Generally Recognized as Safe (GRAS) alternatives.
Synthesis of HA has been demonstrated in B. subtilis (70), Lac-
tococcus lactis (71), and Pichia pastoris (72). In bacteria, HA is
synthesized from UDP-glucuronic acid (UDP-GlcUA) and
UDP-GlcNAc by a single enzyme complex hyaluronan synthase
(HAS) (Fig. 2). UDP-GlcUA and UDP-GlcNAc occur naturally
as part of cell wall synthesis, which directly competes with HA
synthesis. The relative abundance of precursors and HAS has a
definitive effect on chain length and average molecular weight
of resulting HA polymers (73).

A key challenge for HA and most polysaccharide syntheses
stems from the tradeoff between a high ATP and NAD�

requirements leading to high dissolved oxygen (DO) require-
ments for electron cycling versus low molecular diffusion in
high-viscosity cultures as the concentration of high-molecular-
weight polymer increases. DO has a critical effect on molecular
weight, possibly by affecting the abundance of precursors (74).
The desired outcome of high titer leads to poor mixing and an
increasingly anaerobic environment. Countering this effect
mechanically with increased aeration and mixing is energy-in-
tensive and impractical at higher viscosities. In strains capable
of anaerobic fermentation, this leads to elevated levels of fer-
mentation products such as lactic acid, which limits HA pro-
duction (S. zooepidemicus) (75). In strains that are sensitive to
low DO, such as B. subtilis, the anaerobic environment leads to
early cessation of production at 3 g/liter (76). This limitation in
B. subtilis was overcome by controlled expression of hyaluron-
idase to reduce molecular weight and viscosity of the culture
with the tradeoff that smaller chains are produced (6 � 103 Da
versus 6 � 106 Da) (76). In anaerobic-tolerant Corynebacterium
glutamicum, heterologous expression of the HA pathway with
knockout of lactate dehydrogenase allowed for accumulation of
21 g/liter HA with a mid-range mass of 2 � 105– 8 � 105 Da (77)
(Table 1). In S. zooepidemicus, a recombinant suicide plasmid
added to prevent natural expression of hyaluronidase, yielded 9
g/liter of a higher molecular weight product (78).

Summary and future outlook

Metabolic engineering and synthetic biology strategies have
advanced the techniques for microbial production of biopoly-
mers and promise sustainable and reliable alternatives to cur-
rent production from natural sources. Synthetic biology strat-
egies highlighted include the implementation of a riboswitch to
balance glycolytic flux in the biosynthesis of chitin and HA
precursor GlcNAc (47), expression balancing with promoter
replacement of synthase and acetyltransferase genes in the bio-
synthesis of GlcNAc (45), redirection of carbon flux by deleting
glycolytic genes in the biosynthesis of alginate (37), and pre-
venting expression of degradative enzymes like hyaluronidase
for HA biosynthesis (78).

Although efforts have successfully demonstrated microbial
biopolymer production, there are still challenges to address: 1)
understanding competition for endogenous cellular resources,
such as precursor sugar nucleotide pools and energy require-
ments (e.g. ATP, NAD�); 2) transcriptional regulation, where
synthesis is tightly regulated and controlled by complex regu-
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latory machinery, which functions when cells need to construct
structural components like EPS that relate to pathogenicity and
defense mechanisms; 3) in vivo biopolymerization, where there
is a need for better characterization of polymerization enzymes
(79) and the steps in EPS biosynthesis, even though gene clus-
ters have been known for several years (80); and finally, extra-
cellular secretion, which poses process engineering challenges
where titer is limited by viscosity leading to mass transfer issues
(81). Host compatibility should also be considered, for example,
the robustness of model organisms like E. coli to industrial
conditions.

To address these challenges, the advent of new technologies
and approaches is critical. Although dynamic regulation of car-
bon fluxes has been implemented in monomeric carbohydrate
biosynthesis like glucaric acid (82), application of similar strat-
egies for biopolymer synthesis has yet to be explored. Precursor
supply by regenerating sugar nucleotides can balance cellular
resources (42), and genome-level metabolic modeling of micro-
bial cell factories is instrumental for optimizing the perfor-
mance of heterologous biopolymer-producing pathways (83).
For example, model-guided metabolic engineering followed by
experimental validation of growth-coupled glycan-overpro-
ducing strains identified metabolic imbalances that rerouted
flux toward glycan precursor synthesis (83). 13C metabolic flux
analysis is another powerful tool for identifying pathway bottle-
necks (84) in the optimization of microbial biopolymer synthe-
sis (84). DNA sequencing (85) and synthesis technologies cou-
pled to machine learning (86), along with the development
of CRISPR–Cas9 gene-editing technologies, have allowed for
increased engineering efficiency (87). Bioprospecting for new
sequences and functions (88) can help characterize polymeri-
zation protein complexes and also help identify novel molecu-
lar targets for the potential of tailor-made mixed biopolymers
of varying material properties made from functionalized block
copolymers.

Copolymer formulations provide further opportunities for
tailoring, where strategies of metabolic engineering and growth
medium modifications can help control biopolymer composi-
tions (89). Yadav et al. (90, 91) demonstrated bacterial produc-
tion of a hybrid cellulose-chitin copolymer for biomedical
applications where lysozyme susceptibility allowed for in vivo
biodegradation. Structurally, the presence of GlcNAc in bacte-
rial cellulose disrupts the highly ordered cellulose crystalline
structure, thus transforming the cellulose type I� structure to
cellulose-chitin type II due to alterations in fibril–fibril interac-
tions (92). Further functionalization of modified bacterial cel-
lulose through deacetylation can generate materials with a
reactive amine surface that allows for various applications, such
as engineering novel biocomposites, tissue engineering scaf-
folding, biosensor small molecule detection, and drug delivery
vehicles (90).

For microbial production of biopolymers to be considered a
green technology, important criteria, including energy effi-
ciency, material efficiency, land use, and costs metrics need to
be assessed. Whereas building block chemicals such as lactic
acid and isoprene have been assessed by green metrics (93), an
opportunity exists for assessing other valuable biosynthesized
materials. Microbially-produced lactic acid and the polymer

polylactic acid have higher economic efficiency over chemical-
ly-produced similar materials due to increased energy effi-
ciency and fermentation-driven stereoselection of D(�)- or
L(�)-lactic acid (94). Moving beyond cellular control, more
opportunities for green processing exist, including valorization
with CO2 and utilization of feedstocks from biodegradation of
waste products such as bioplastics (95). Other metrics such as
life cycle assessment, the E-factor, and principles of green
chemistry should be implemented to drive a circular and sus-
tainable economy forward with reduced waste and conserva-
tion of resources. The environmental and health risk of biopo-
lymers, for instance fluorine-containing bioplastics (15), need
to be addressed. Biopolymer microbial synthesis could also be
suitable in sustainable systems such as space stations or inter-
galactic habitats because of its renewability and replicability.
There is an overlap between closed systems designed for space
habitation and “green” technology on Earth (96).

Emerging technologies for in silico design and predictions of
material properties will help advance the cell factory approach
to biopolymer production such as in the creation of biomimetic
scaffolds composed of 3D cell culture polysaccharide hydrogels
(97). Opportunities also exist for combination of the cell factory
approach with manufacturing such as in the controlled biofilm
layering by EPS secreting microbes biofabricated by 3D print-
ing, along with advances in 4D printed biomaterials with
integrated “smart” diagnostics (98). Imagine a world where
microbes are full cell factories, not just making single molecules
but assembling entire functional materials.
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87. Jakočiu�nas, T., Jensen, M. K., and Keasling, J. D. (2016) CRISPR/Cas9
advances engineering of microbial cell factories. Metab. Eng. 34, 44 –59
CrossRef Medline

88. Lee, S.-M., Jellison, T., and Alper, H. S. (2015) Xylan catabolism is im-
proved by blending bioprospecting and metabolic pathway engineering in
Saccharomyces cerevisiae. Biotechnol. J. 10, 575–583 CrossRef Medline

89. Chien, L.-J., Chen, H.-T., Yang, P.-F., and Lee, C.-K. (2006) Enhancement
of cellulose pellicle production by constitutively expressing vitreoscilla
hemoglobin in Acetobacter xylinum. Biotechnol. Prog. 22, 1598 –1603
CrossRef Medline

90. Yadav, V., Paniliatis, B. J., Shi, H., Lee, K., Cebe, P., and Kaplan, D. L. (2010)
Novel in vivo-degradable cellulose-chitin copolymer from metabolically

engineered Gluconacetobacter xylinus. Appl. Environ. Microbiol. 76,
6257– 6265 CrossRef Medline

91. Yadav, V., Sun, L., Panilaitis, B., and Kaplan, D. L. (2015) In vitro chondro-
genesis with lysozyme susceptible bacterial cellulose as a scaffold. J. Tissue
Eng. Regen. Med. 9, E276 –E288 CrossRef Medline

92. Yamamoto, H., Horii, F., and Hirai, A. (1996) In situ crystallization of
bacterial cellulose II. Influences of different polymeric additives on the
formation of celluloses I� and I� at the early stage of incubation. Cellulose
3, 229 –242 CrossRef

93. Sheldon, R. A., and Sanders, J. P. M. (2015) Toward concise metrics for the
production of chemicals from renewable biomass. Catal. Today 239, 3– 6
CrossRef

94. Juodeikiene, G., Vidmantiene, D., Basinskiene, L., Cernauskas, D., Bart-
kiene, E., and Cizeikiene, D. (2015) Green metrics for sustainability of
biobased lactic acid from starchy biomass vs chemical synthesis. Catal.
Today 239, 11–16 CrossRef

95. Garcia-Gonzalez, L., Mozumder, M. S., Dubreuil, M., Volcke, E. I., and De
Wever, H. (2015) Sustainable autotrophic production of polyhydroxybu-
tyrate (PHB) from CO2 using a two-stage cultivation system. Catal. Today
257, 237–245 CrossRef

96. Rothschild, L. J. (2016) Synthetic biology meets bioprinting: enabling tech-
nologies for humans on Mars (and Earth). Biochem. Soc. Trans. 44,
1158 –1164 CrossRef Medline

97. Tam, R. Y., Fisher, S. A., Baker, A. E., and Shoichet, M. S. (2016) Trans-
parent porous polysaccharide cryogels provide biochemically defined,
biomimetic matrices for tunable 3D cell culture. Chem. Mater. 28,
3762–3770 CrossRef

98. Morouço, P., Lattanzi, W., and Alves, N. (2017) 4D bioprinting as a new
era for tissue engineering and regenerative medicine. Front. Bioeng. Bio-
technol. 5, 61 CrossRef Medline

99. Trujillo-Roldán, M. A., Moreno, S., Segura, D., Galindo, E., and Espín, G.
(2003) Alginate production by an Azotobacter vinelandii mutant unable to
produce alginate lyase. Appl. Microbiol. Biotechnol. 60, 733–737 CrossRef
Medline

THEMATIC MINIREVIEW: Synthetic biology for green biopolymers

J. Biol. Chem. (2018) 293(14) 5053–5061 5061

http://www.ncbi.nlm.nih.gov/pubmed/26074894
http://dx.doi.org/10.3109/07388551.2010.505909
http://www.ncbi.nlm.nih.gov/pubmed/20919952
http://dx.doi.org/10.1038/nbt.3796
http://www.ncbi.nlm.nih.gov/pubmed/28191902
http://dx.doi.org/10.1101/160853
http://dx.doi.org/10.1038/nbt1290
http://www.ncbi.nlm.nih.gov/pubmed/17334359
http://dx.doi.org/10.1016/j.ymben.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26707540
http://dx.doi.org/10.1002/biot.201400622
http://www.ncbi.nlm.nih.gov/pubmed/25651533
http://dx.doi.org/10.1021/bp060157g
http://www.ncbi.nlm.nih.gov/pubmed/17137307
http://dx.doi.org/10.1128/AEM.00698-10
http://www.ncbi.nlm.nih.gov/pubmed/20656868
http://dx.doi.org/10.1002/term.1644
http://www.ncbi.nlm.nih.gov/pubmed/23315887
http://dx.doi.org/10.1007/BF02228804
http://dx.doi.org/10.1016/j.cattod.2014.03.032
http://dx.doi.org/10.1016/j.cattod.2014.05.039
http://dx.doi.org/10.1016/j.cattod.2014.05.025
http://dx.doi.org/10.1042/BST20160067
http://www.ncbi.nlm.nih.gov/pubmed/27528764
http://dx.doi.org/10.1021/acs.chemmater.6b00627
http://dx.doi.org/10.3389/fbioe.2017.00061
http://www.ncbi.nlm.nih.gov/pubmed/29090210
http://dx.doi.org/10.1007/s00253-002-1173-7
http://www.ncbi.nlm.nih.gov/pubmed/12664154


Introduction to the Thematic Minireview Series: Autophagy
Published, Papers in Press, February 21, 2018, DOI 10.1074/jbc.TM118.002429

George N. DeMartino1

From the Department of Physiology, University of Texas Southwestern Medical Center at Dallas, Dallas, Texas 75390-9040

Edited by Chris Whitfield

Autophagy is a highly conserved, tightly regulated cellular
process that degrades intracellular constituents via lysosomes.
Autophagy mediates many normal cellular functions and is dys-
regulated in numerous diseases. This Thematic Series consists
of five Minireviews that highlight selected topics of current
autophagy research ranging from the molecular mechanisms
and regulation of autophagy to the roles of autophagy in health
and disease.

Autophagy is a general term for several distinct but related
cellular processes that result in the lysosomal degradation of
cellular constituents. The magnitude of autophagy is tightly
regulated by many factors characteristic of specific physiologic
states. Such regulation allows cells to adapt to changing condi-
tions by sculpting their inventory of components, including the
proteome, and by providing degradation products for other
uses, elimination, or recycling. Because autophagy is an embed-
ded regulatory feature of many normal cellular functions, it is
not surprising that its dysregulation is an important element of
abnormal and diseased states.

Although autophagy was identified over 60 years ago as a
lysosome-based morphologic process (1–3), the molecular
mechanisms by which it operates remained largely unknown
until Ohsumi and colleagues (4) exploited yeast genetics to
identify many of its essential proteins. Their groundbreaking
work, which was recognized by the 2016 Nobel Prize, provided
the foundation for the subsequent elucidation of the molecular
and cellular roles of these and other discovered autophagic pro-
teins (5–7). Continuing advances by many investigators have
greatly expanded our understanding of the mechanistic and
regulatory complexity of autophagy and established its perva-
sive role in cellular and organismal physiology (8, 9). The fol-
lowing five Minireviews highlight selected topics related to the
remarkable advances in current autophagy research.

The first two Minireviews deal with current knowledge of
the molecular mechanisms of autophagy. Mercer, Gubas, and
Tooze (10) describe the machinery and intricate mechanisms
by which autophagosomes are initially formed. These early
events in the process involve multiple essential proteins and are
subject to careful regulation by physiologic signals such as the
levels of certain amino acids. Delorme-Axford and Klionsky
(11) continue this narrative and describe transcriptional and

post-transcriptional regulation of autophagy, highlighting the
complex variety of ways the process can be controlled.

The third Minireview by Grumati and Dikic (12) describes
the fascinating role that ubiquitin plays in autophagy. Once
considered a cardinal element of a completely separate and inde-
pendent arm of the cell’s mechanisms for protein destruction
(the ubiquitin–proteasome system), ubiquitin is now recog-
nized as a versatile molecule that can participate in both pro-
teolytic systems and even has multiple roles within autophagy.

The early conception of autophagy as an inherently nonse-
lective process has been dispelled by the discovery of multiple
autophagy subtypes that selectively target certain proteins, pro-
tein complexes, or organelles for degradation. These processes
highlight the versatility and regulatory power of autophagy.
The fourth Minireview by Tekirdag and Cuervo (13) reviews
recent progress on two of the multiple subtypes of autophagy
that selectively target substrates for autophagic destruction:
chaperone-mediated autophagy and endosomal microautophagy.
They describe a common mechanism by which hsc70 can direct
substrates to these distinct catabolic pathways.

The final Minireview addresses relationships between
autophagy and disease. However, instead of reviewing the many
examples of diseases linked to altered or required autophagy,
Thorburn (14) presents a series of important issues to consider
when addressing these relationships. This exercise provides
insightful guidelines and parameters for critical evaluation of
this rapidly expanding field.

Despite its long and distinguished history, autophagy remains a
vibrant research area with an unabated pace of progress. This
Thematic Minireview Series provides an excellent snapshot of
its current state and future promises.
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Autophagy is a highly conserved process and is essential for
the maintenance of cellular homeostasis. Autophagy occurs at a
basal level in all cells, but it can be up-regulated during stress,
starvation, or infection. Misregulation of autophagy has been
linked to various disorders, including cancer, neurodegenera-
tion, and immune diseases. Here, we discuss the essential pro-
teins acting in the formation of an autophagosome, with a focus
on the ULK and VPS34 kinase complexes, phosphatidylinositol
3-phosphate effector proteins, and the transmembrane auto-
phagy-related protein ATG9. The function and regulation of
these and other autophagy-related proteins acting during
formation will be addressed, in particular during amino acid
starvation.

Autophagy is a lysosome-mediated process by which cells
recycle cytosolic cargo. A number of stressors are able to stim-
ulate the pathway; however, the best understood stimulus for
autophagy is amino acid starvation. Upon stimulation by
upstream nutrient/energy-sensing kinases, the ULK1/2 kinase
complex becomes active and translocates to ER2 puncta fol-
lowed by the autophagic phosphoinositide 3-kinase (PI3K)
complex I. Colocalization of these initiating complexes at the
ER leads to the production of PI3P and the recruitment of
autophagy effectors to form the omegasome. One of these
effectors, WIPI2b, promotes lipidation of LC3B (with this form
commonly called LC3-II), one of the members of the Atg8 fam-
ily of proteins (LC3A/B/C, GABARAP, and GABARAPL1/L2)
via two autophagy-specific ubiquitin-like conjugation systems.
Driven by insertion of lipidated Atg8 proteins and regulation by
distal membrane compartments, including ATG9 vesicles, the
phagophore expands, enclosing a portion of the cytosol, and
closes to form the autophagosome. Several different subcellular
compartments have been suggested to supply membrane to

forming phagophores, including the ER, ER-Golgi intermediate
compartment (ERGIC), plasma membrane, Golgi, mitochon-
dria, and recycling endosomes (Fig. 1). Finally, the contents of
the autophagosome are degraded upon fusion with the lyso-
some (Fig. 2).

Work with Saccharomyces cerevisiae has provided us with
much of the initial insight into the mechanisms of autophagy,
most notably leading to the discovery of the autophagy-related
(ATG) genes. However, this Minireview will cover the molecu-
lar machinery involved in mammalian autophagosome biogen-
esis with a focus on how molecules, membranes, and signaling
cascades synergize to regulate each stage.

ULK complex

The ubiquitously expressed kinases ULK1 and ULK2 carry
out a range of catalytic and non-catalytic functions to regulate
autophagosome formation from initiation to maturation (1–3).
They occupy the most upstream position in the autophagic sig-
naling pathway and are considered the master regulators of
autophagy. Expression of kinase-inactive mutants of ULK1 is
associated with dominant-negative inhibition of autophagy,
with the attainable rate of autophagic flux corresponding to the
remaining kinase activity (3, 4). ULK deficiency in vivo results in
the abrogation of starvation-induced autophagy, along with
activation of a misregulated unfolded protein response in neu-
rons (5) and systemic defects via aberrant reactive oxygen spe-
cies (ROS) neutralization in erythrocytes (6). Although specific
roles for ULK1 and ULK2 have been identified for some cell
types in vivo (7), ULK1 is by far the best characterized and will
be the focus of this Minireview.

ULK1 is the only catalytically active component in a hetero-
tetrameric complex with FIP200, ATG13, and ATG101. Both
ATG13 and FIP200 stabilize ULK1, increase its kinase activity,
and encourage translocalization from the cytosol to the ome-
gasome (8 –10). ATG101 helps maintain ULK1 basal phosphor-
ylation and promotes its stabilization along with that of ATG13
(11, 12). Formation of the ULK complex is not regulated by
nutrient status (8); however, complex-independent roles for
ULK1, FIP200, and ATG13 have been reported (13, 14), indi-
cating that viewing the ULK complex proteins functioning only
as a complex may be overly simplistic.

Sensing the signal

ULK1 is regulated by the nutrient/energy-sensing kinases
MTORC1 (mechanistic target of rapamycin complex 1, MTOR
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herein) and AMP-activated protein kinase (AMPK). MTOR is
active in nutrient-replete conditions; it binds ULK1 directly via
its RAPTOR subunit in a manner dependent on amino acid
availability but independent of ULK activation status (8, 15, 16),
and it inhibits autophagy via phosphorylation of ULK1 at serine
638 and 758 and of ATG13 at serine 258 (17–19). Interestingly,
an alignment of all phosphorylation sites in ULK1’s intrinsically
disordered region (known to be extensively phosphorylated)
revealed a consensus logo similar to MTOR’s, potentially impli-
cating it as a primary phosphoregulator of ULK1 (20). The
autophagy-promoting AMPK becomes active upon the deple-
tion of ATP and negatively regulates MTOR activity through
phosphorylation of RAPTOR and TSC2 (21, 22). AMPK also
binds ULK1 directly (19, 23, 24) leading to the phosphorylation
of both ULK1 and ATG13 (17). The AMPK sites in ULK1
include Ser-555, Ser-637, and Thr-659 (Ser-556, Ser-638, and
Thr-660 in human ULK1), which among other mechanisms
promotes the proper trafficking of ATG9 (24). Serine 638, a

substrate for both AMPK and MTOR, is also a target for at least
two phosphatases, with both PP2A (25) and PPM1D (26) impli-
cated in autophagy.

In addition to phosphorylation, the role of ubiquitin signal-
ing in ULK1-regulated autophagy is becoming increasingly
clear. AMBRA1–TRAF6-dependent Lys-63-linked ubiquitina-
tion of ULK1 promotes its dimerization and activation (27).
Furthermore, the chaperone protein p32 binds ULK1 and, act-
ing by an unknown E3 ligase, inhibits Lys-48-linked ubiquitina-
tion while driving Lys-63-linked ubiquitination. This promotes
ULK1 stability and is crucial in both starvation-induced
autophagy and mitophagy (28), the selective removal of mito-
chondria. In another context, ubiquitination negatively regu-
lates ULK1 signaling (29 –31). Upon starvation, the E3 ligases
NEDD4L and CULLIN3 control the amplitude and duration of
the autophagic response by driving ULK1 degradation via
Lys-27–linked, Lys-29 –linked (NEDD4L), or Lys-48 –linked
(CULLIN3) ubiquitination (30, 31).

Figure 1. Process of autophagosome formation. First steps require the translocation of active ULK1 to omegasomes. ULK1 subsequently activates omegas-
ome-bound VPS34, which generates pools of PI3P at omegasomes. Note for clarity the ULK complex and PI3K complex 1 are shown adjacent to the ER. DFCP1
and WIPI2b bind PI3P, and the latter then recruits the ATG12�ATG5–ATG16L1 complex enabling LC3 lipidation to the phagophore. Phagophore initiation and
elongation are facilitated by transient interactions with the ATG9 compartment, which potentially delivers lipids for membrane formation from sources such
as recycling endosomes, plasma membrane, mitochondria, ER, ERGIC, or Golgi. Phagophore growth and closure have been suggested to be controlled by the
ATG2–WIPI4 complex.
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Relaying the signal

Membrane association

The ULK complex is mostly cytosolic, although pools exist
on recycling endosomes (32), mitochondria (33, 34), and the
ER. Upon amino acid starvation, the ULK complex translocates
to subdomains of the ER to drive the nucleation of autophago-
somes. These regions are shown to coincide with ER–mito-
chondria contact sites (35) and autophagy-specific ER exit sites,
which are specified by ATG9 vesicles (36). The ULK complex is
retained at these regions of the ER, called omegasomes, until
formation of the phagophore, when it (the ULK complex) is
recycled to the cytoplasm (37).

ULK complex anchoring to the omegasome may be facili-
tated by membrane association of the C-terminal domain or
EAT domain (which occurs independent of kinase activity (2, 3,
38)) and ATG13, which directly associates with acidic phos-
pholipids in the membrane via a basic patch in its N terminus
(37). Phosphatidylethanolamine-conjugated Atg8 family pro-
teins, which are incorporated into the phagophore, bind ULK1
and ATG13 to further increase their retention at the phago-
phore (39, 40), which promotes ULK1 kinase activity via a pos-
itive feedback loop involving the PI3K complex I (41).

The translocation of ULK1 to the ER also requires a range of
protein machinery. For example, the Rab1 effector C9orf72
binds the ULK complex to promote trafficking to the phago-
phore as well as its activation (42, 43). However, C9orf72 pos-
sesses multiple roles in autophagy as, together with its binding
partner SMCR8, it has been implicated in autophagosome mat-
uration (44), selective autophagy (45), and both positive and
negative regulation of autophagy via modulation of the MTOR/
ULK signaling axis (42, 46). Interestingly, recent data suggest
unique machinery regulate recruitment of ULK1 to ER–
mitochondria contact sites dependent on the stimuli (47); it
remains to be established whether this translates to stimulus-
specific spatial regulation of ULK1 on the ER.

ULK substrates

The identification of ULK substrates is crucial if we are to
understand the mechanisms of autophagy. Although not essen-
tial for ULK1 phosphorylation, many of the targets identified to
date associate physically with the ULK complex (Table 1). For
example, ULK1 inhibits the AMPK and MTOR complexes by
multisite phosphorylation, and three of five members of the
PI3K complex 1 are ULK substrates, and ULK1 sites have been
identified in SMCR8 (Table 1) (45, 48 –50).

A recently published consensus motif has provided an
important tool for the identification of ULK substrates in vivo
(48). ULK1 was found to possess selectivity for aromatic hydro-
phobics at �3 and aliphatic hydrophobics/serine at positions
�1/2 relative to the phosphoserine (48). Importantly, however,
a number of previously identified ULK substrates do not con-
form to the consensus motif (1, 6, 16, 20, 31, 45, 48, 50 –56),
demonstrating that our understanding of what constitutes an
ULK site remains incomplete.

PI3K complex

Immediately downstream of the ULK complex is the primor-
dial class III PI3K VPS34 (PIK3C3). VPS34 translocates to ER
puncta soon after ULK, where it produces a pool of PI3P to
drive omegasome formation (37). VPS34 activity is crucial for
starvation-induced and basal autophagy (57–59) and con-
versely for MTOR activation upon amino acid sensing (60).

VPS34 never works alone. The PI3K core complex comprises
VPS34, beclin 1 (BECN1), and the pseudokinase p150 (PIK3R4).
Depending on the subcellular context, the core complex binds
ATG14 or UVRAG in a mutually exclusive manner defining the
PI3K complexes 1 and 2, respectively (61). Furthermore, a sig-
nificant proportion of VPS34 is found in a binary subcomplex
with p150, with the relative abundance of each complex being
cell type–specific (61). Removal of individual components
results in the depletion of other VPS34 complex proteins, sig-

Figure 2. Schematic depicting the stages of autophagosome formation. Upon translocation to ER puncta, the autophagy initiation complexes stimulate
the formation of an omegasome. This cup-shaped signaling platform recruits autophagy effectors, leading to the production of a double-membraned
phagophore. Cargo sequestration occurs concomitantly with phagophore elongation. The phagophore seals forming an autophagosome between 0.5 and 1.5
�m in diameter, which fuses with the lysosome, forming an autolysosome and resulting in the degradation of its contents.
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nificantly hampering starvation-induced autophagy and result-
ing in early embryonic lethality (62–66).

Alongside the non-autophagic roles in endomembrane traf-
ficking and multivesicular body formation (67), the UVRAG-
containing PI3K complex 2 is primarily implicated in the later
stages of autophagy, such as autophagosome–lysosome fusion
and the scission of autolysosomal tubules (68, 69). Meanwhile,
the autophagy-specific ATG14-containing PI3K complex 1
positively regulates autophagosome nucleation and will be the
focus of this section.

Association of PI3K complex 1 with autophagic
membranes

A number of physical properties of the PI3K complex 1 pro-
mote its association with membranes. An aromatic finger in
BECN1 (70) and N-terminal myristate on p150 (71) ensure that
PI3K core complex remains tightly bound to lipid bilayers.
ATG14 brings with it ER-specific targeting motifs, including an

N-terminal cysteine-rich domain, which is not actively reg-
ulated (72), and the BATS domain, which binds PI3P and
phosphatidylinositol 4,5-bisphosphate to promote recruit-
ment to curved membranes and complex stability, respec-
tively (73, 74).

In basal conditions, a pool of VPS34 is tethered to the
cytoskeleton via an association between BECN1-interactor
AMBRA1 and microtubules, which is disrupted upon starva-
tion to allow translocation to omegasomes (75). Another com-
ponent involved is the multi-membrane spanning protein
VMP1 (76). VMP1 localizes to punctate ER membrane contact
sites (77) and binds BECN1 to exclude it from its antagonist
BCl2 (78). Complex 1 association is further stabilized by direct
binding of ATG14 and ATG13 (50). Interestingly, another
ER-resident protein, STX17, also recruits ATG14 to ER–
mitochondria contact sites to drive autophagosome biogenesis
in a starvation-dependent manner (35).

Table 1
ULK1 substrates
ULK substrates that are not known to physically interact with the ULK complex are
highlighted in gray. The residue identified and the corresponding amino acid in the
UniProt designated human isoform 1 are listed, followed by the proposed function
of each phosphorylation event where the data are available. Where the exact phos-
phoacceptor residue is not known, the potential residues are listed separated by a
dash. Notably, the function of many of the phosphorylation events listed is uncer-
tain. Refs. 120 –128 are cited in the table.

Table 1—continued
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Regulation of PI3K complex 1 activity

A host of regulatory proteins impinge on the autophagy path-
way through association with or modification of the PI3K com-
plex. Notably NRBF2 (79 –81), Dapper1 (59), PAQR3 (82), and
RACK1 (58) all stabilize VPS34 and promote autophagy via
association with the ATG14 –BECN1 subcomplex. NRBF2,
which was identified as an interactor of ULK1 (83), can both
promote (80, 81) or inhibit (84) VPS34 activity depending on
the cellular context (85). Recently, NRBF2 was shown to facili-
tate dimerization of PI3K complex 1 heterotetramers, which
occurs independently of kinase modulation (80).

A large number of phosphorylation sites have been identified
in VPS34 complex 1 components and regulatory proteins. As
covered in Table 1, ULK1 phosphorylates VPS34, BECN1, and
ATG14, with two of these phosphorylation sites (BECN1
Ser-15 and ATG14 Ser-29) known to promote omegasome for-
mation and VPS34 activity in vitro and in vivo (49, 50). Further-
more, the previously mentioned starvation-dependent release
of VPS34 from microtubules relies on phosphorylation of
AMBRA1 by ULK1 (75).

In addition to ULK1, other kinases implicated in the stress
response impinge on autophagy through regulation of VPS34
activity. Phosphorylation of NRBF2 by MTOR switches it from
a positive to a negative regulator of complex 1 activity (85). Five
inhibitory MTOR phosphorylation sites were identified in
ATG14 (86), and the aforementioned positive regulation of
ULK1 via TRAF6-dependent ubiquitination relies on the de-
phosphorylation of serine 52 in AMBRA1, an MTOR target site
(27). Direct phosphorylation of VPS34 by AMPK inhibits PI3P
production in the absence of ATG14/UVRAG (61). However,
AMPK also phosphorylates BECN1 at serines 91 and 94 (serines
90 and 93 in the human protein), which activates VPS34 activity
in vivo and is facilitated by ATG14 (61) and at threonine
388, which enhances both PI3K complex 1 formation and
autophagic flux (87). Furthermore, AMPK must phosphorylate
RACK before it is able to scaffold complex 1 formation (58) and
PAQR3 for it to augment VPS34 activation on glucose starva-
tion (82). The association of mitogen-activated protein kinase
signaling components with BECN1 also occurs upon autophagy
activation (88), with MAPKAPK2 directly phosphorylating
BECN1, also at Ser-90, to promote autophagy during nutrient
depletion (89). Two more phosphoregulatory enzymes are
known to act at Ser-90, DAPK3, and the previously mentioned
phosphatase PP2A (90).

A range of post-translational modifications govern VPS34
function in autophagy initiation. Like ULK1, the PI3K complex
1 is actively regulated by ubiquitination in a starvation-depen-
dent manner, which, depending on the context, regulates either
its stability or activity to modulate autophagy (31, 91–94). Of
note, the deubiquitinating protein ataxin-3 (ATXN3) was
recently shown to bind BECN1 via a polyglutamine tract, pro-
moting its stability and consequently starvation-induced
autophagy. BECN1 was competitively displaced from ATXN3
in the presence of the exogenously expressed polyglutamine
domain from huntingtin, the protein implicated in Hunting-
ton’s disease, potentially revealing a mechanism for the
autophagy defect in polyglutamine diseases (91).

Once activated at the cytosolic face of the ER, VPS34 phos-
phorylates phosphatidylinositol to produce PI3P. In basal con-
ditions, very little PI3P is present on the ER (95). Production of
this charged signaling lipid leads to recruitment of effectors,
ultimately culminating in the membrane rearrangements asso-
ciated with autophagosome biogenesis.

PI3P effectors

FYVE-containing proteins

One of the first effectors recruited to PI3P is DFCP1 (double
FYVE domain-containing protein 1), which binds PI3P through
two FYVE domains. DFCP1 does not have an essential role in
autophagy, as its depletion has no effect on autophagic flux (96);
however, it is extensively used as a marker for omegasomes and
phagophore-nucleation sites. Another FYVE domain-contain-
ing PI3P effector is ALFY (autophagy FYVE-linked protein).
ALFY is involved in selective autophagy, where it is required for
autophagic clearance of aggregates (97, 98).

PROPPINs

Phagophore nucleation requires recruitment of the WIPIs
(WD-repeat domain phosphoinositide-interacting proteins)
(99, 100), which are members of the PROPPIN (�-propellers
that bind phosphoinositides) family (101). The four mamma-
lian WIPIs are seven-bladed �-propellers that bind two mole-
cules of PI3P through FRRG (WIPI1 and -2) or LRRG (WIPI3
and -4) motifs positioned between blades five and six (102, 103).
WIPI1 and WIPI2b were the first two WIPIs shown to be
recruited to the omegasomes and forming phagophores (104).
WIPI1 has been extensively studied (105) and is one of the two
most frequently used PI3P effectors to monitor phagophore
formation. Although its function is not fully understood, it is
shown to be recruited to omegasomes upstream of WIPI2b
(106). WIPI2b is a positive regulator of autophagy and is essen-
tial for autophagosome formation (104). It directly interacts
with ATG16L1 through two arginine residues (Arg-108 and
Arg-126), and this interaction is required for autophagic flux
(107).

WIPI3 and WIPI4 contribute to autophagosome formation,
and although both bind PI3P through LRRG motifs, it is unclear
whether this binding is required for their function in autophagy
(106). Depletion of WIPI4 by siRNA knockdown leads to
increased LC3-II levels and accumulation of enlarged, unclosed
autophagosomes (106, 108) suggesting that WIPI4 plays an
important role in controlling the growth and size of autopha-
gosomes (83, 106). Supporting this notion, WIPI4 forms a func-
tional complex with ATG2A (106) known to act at later stages
of autophagosome formation. ATG2A and ATG2B depletion
increases LC3-II levels and results in the formation of enlarged
LC3 puncta, suggesting that they also regulate the growth of
autophagosomes (109). WIPI4 de novo mutations have been
shown to lead to subtypes of neurodegeneration with brain iron
accumulation (NBIA), such as SENDA (static encephalopathy
of childhood with neurodegeneration in adulthood) (110), also
known as BPAN (�-propeller protein-associated neurodegen-
eration) (111). In patient samples, destabilization of WIPI4 pro-
tein levels is associated with significantly reduced autophagic
response (110).
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Ubiquitin-like conjugation systems

The essential event in phagophore elongation is the recruit-
ment of Atg8 family proteins to the forming phagophore mem-
brane, which is dependent on the ATG12�ATG5–ATG16L1
complex. Two ubiquitin-like protein cascades are required for
recruitment of the Atg8 proteins, both being highly conserved
and essential for autophagy.

The Atg8 family of proteins, for simplicity referred to below
as LC3 proteins, contains the following six members; LC3A,
LC3B, LC3C, GABARAP, GABARAPL1, and GATE-16 (also
called GABARAPL2). LC3 proteins are ubiquitin-like and are
predominantly found in an unlipidated form in the cytosol. The
cytosolic, unlipidated form of LC3 is referred to as LC3-I. LC3
conjugation to the headgroup of phosphatidylethanolamine
(PE) on the phagophore requires several ATG proteins, which
act in two ubiquitin-like cascades (for details see Ref. 112).
Briefly, prior to lipidation the ATG4 protease (note there are
four ATG4 family members, ATG4A–D) removes C-terminal
amino acids exposing a glycine residue. This glycine is used in
the first cascade for the formation of a thioester bond with a
cysteine residue in the E1-like ATG7 in an ATP-dependent
manner, followed by the conjugation to ATG3, an E2-like
enzyme.

The ATG12�ATG5–ATG16L1 complex, considered to
have E3-like activity, is formed in the second cascade involving
the ubiquitin-like ATG12, covalently conjugated to ATG5 by
the E1 ATG7 and the E2 ATG10. ATG16L1 directly interacts
with ATG5 and drives dimer formation of the ATG12�ATG5
conjugate. ATG12�ATG5–ATG16L1 is then recruited to the
phagophore via WIPI2b (107). Finally, LC3 is covalently bound
to the amine headgroup of PE in the membrane by interaction
of ATG12 with ATG3, forming the lipidated LC3-II. LC3-II
decorates both outer and inner membranes of phagophores.

Of note, the cleavage of the Atg8 family members by ATG4
and the conjugation of ATG12 to ATG5 are thought to occur
during or very soon after their synthesis. The regulation of LC3
lipidation and its association with membranes to perform its
essential autophagy function is driven by the production of
PI3P by the PI3K complex 1 and the recruitment of WIPI2b to
the phagophore (107).

ATG9 trafficking in the process of autophagosome
formation

One of the unresolved questions in the field is the source of
the membranes for phagophore formation and elongation.
Most studies on the formation of the phagophore membrane
have, so far, revolved around ATG9. Mammalian ATG9 is a
multispanning membrane protein, which consists of six highly-
conserved transmembrane domains (113, 114) and is found in
the Golgi complex under normal conditions. Upon amino acid
starvation and autophagy induction, ATG9 disperses into
peripheral compartments, including the conserved “ATG9
compartment” or “ATG9 reservoir” and recycling endosomes
(114 –116). During autophagy, ATG9 vesicles shuttle around
the forming phagophores, interacting transiently without any
detectable stable association (115). These data and other evi-

dence have led to the suggestion that ATG9 delivers compo-
nents to the forming phagophore and autophagosome (115).

ATG9 trafficking is highly dependent on the ULK1 kinase. In
mammalian cells, ULK1 depletion leads to the inhibition of
ATG9 trafficking from the Golgi complex (115), and as covered
previously, ULK1 phosphorylation status regulates ATG9
dynamics (24). Both ATG9 trafficking and autophagy initiation
are mediated in part by the phosphorylation of ATG9 by ULK1
at Ser-14 (117). Furthermore, two of the four WIPI proteins are
implicated in regulation of ATG9 traffic. The depletion of
WIPI2 inhibits the retrieval of ATG9 to the Golgi complex and
results in the accumulation of ATG9 on omegasomes (115).
Similarly, patients suffering from SENDA have increased co-lo-
calization of LC3 and ATG9, revealing WIPI4 as a potential
regulator of ATG9 dynamics (110). Interestingly, increased
colocalization between ATG9 and LC3 is also noted upon
knockdown of ATG2A and ATG2B (109).

Conclusions

Insight into the molecular mechanisms of autophagosome
biogenesis has increased greatly in the past 10 years, but many
questions remain. For example, a full understanding as to how
ULK target specificity is achieved is elusive, with the identifica-
tion of substrates likely to remain an area ripe for discovery.
Although not covered here, the ability to derive structural
information for whole complexes rather than single protein
domains is providing a unique insight into the biology of
autophagic signaling complexes (for more detail, see Refs. 38,
118, 119) and is likely to guide future discoveries. Nonetheless,
the regulation of the activity of the signaling complex(es)
remains to be fully addressed. Furthermore, the precise func-
tions of ATG9 and the four WIPI proteins will be important to
clarify in order to gain a complete mechanistic understanding
of autophagosome biogenesis.
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Autophagy is a highly conserved catabolic pathway that is
vital for development, cell survival, and the degradation of dys-
functional organelles and potentially toxic aggregates. Dysregu-
lation of autophagy is associated with cancer, neurodegenera-
tion, and lysosomal storage diseases. Accordingly, autophagy is
precisely regulated at multiple levels (transcriptional, post-
transcriptional, translational, and post-translational) to prevent
aberrant activity. Various model organisms are used to study
autophagy, but the baker’s yeast Saccharomyces cerevisiae con-
tinues to be advantageous for genetic and biochemical analysis
of non-selective and selective autophagy. In this Minireview, we
focus on the cellular mechanisms that regulate autophagy tran-
scriptionally and post-transcriptionally in S. cerevisiae.

Overview

In response to external environmental and internal homeo-
static cues, cells must efficiently and successfully adapt to
ensure survival during stress conditions. Macroautophagy/au-
tophagy is a highly conserved (from yeast to human) catabolic
mechanism of “self-eating” that is vital for homeostasis, devel-
opment, and the clearance of damaged or superfluous organ-
elles and protein aggregates, substrates that cannot be degraded
by the proteasome, the other major degradative pathway in
eukaryotic cells. Autophagy occurs in all eukaryotic cells (1),
underlying its importance. The classical morphological feature
of autophagy is the formation of the double-membrane struc-
ture termed the autophagosome. In most cells, basal autophagy
generally occurs at a low level but is markedly induced in
response to nutrient deprivation, pathogen infection, and other
forms of stress. Autophagic flux results in the fusion of the
autophagosome with the vacuole (in yeast or plants) or a lyso-
some (in mammalian cells). In yeast, vacuolar hydrolases
degrade the autophagic cargo. This degradation is followed by
efflux of the breakdown products for reuse, helping to safe-
guard cell survival particularly during starvation or low-energy
conditions.

When induced by nutrient deprivation or pharmacological
means, non-selective autophagy targets bulk cytoplasm for
uptake into the phagophore, the autophagosome precursor.
During selective types of autophagy, the phagophore sequesters
specific cargo (such as organelles or invasive pathogens)
through receptor-mediated interactions between selective
autophagy receptors and Atg8 (which is located on both sides of
the phagophore), and unique cargo-localized ligands, thereby
generally excluding bulk cytoplasm. In addition to receptor tar-
geting, specific cargos are further selected by proximity to the
expanding phagophore membrane (2). In yeast, under nutrient-
rich conditions, a biosynthetic form of selective autophagy, the
cytoplasm-to-vacuole targeting (Cvt)2 pathway, delivers resi-
dent hydrolases to the vacuole (3–6). Multiple forms of selec-
tive autophagy in yeast have been characterized, including
mitophagy (7, 8), pexophagy (9), reticulophagy (10, 11), ribo-
phagy (12), granulophagy (13), aggrephagy (14), nucleophagy
(11, 15), lipophagy (16, 17), and piecemeal microautophagy of
the nucleus/micronucleophagy (18, 19). Although not consid-
ered to be a selective type of autophagy, the degradation of bulk
RNA has also been described (20). At least in yeast, the recep-
tors utilized to target cargos are unique to the form of selective
autophagy that the cell is undergoing (5, 7, 8, 21). For further
discussion on the topic of selective autophagy, see Refs. 22, 23.

Autophagy is a highly complex and rigorously coordinated
process; at present, 41 unique autophagy-related (ATG) genes
have been identified in fungi, and many have homologs in
higher eukaryotes. Autophagy dysregulation is associated with
multiple human pathologies such as cancer, neurodegenera-
tion, microbial infection and lysosomal storage diseases. Thus,
autophagy must be strictly modulated to maintain an appropri-
ate level, as too much or too little can be deleterious to the cell.
Accordingly, eukaryotic cells have evolved mechanisms to
tightly control and coordinate autophagy at multiple levels
(transcriptional, post-transcriptional, translational, and post-
translational; see Fig. 1). In this Minireview, we focus on
autophagy regulation, particularly at the transcriptional and
post-transcriptional levels, in the yeast Saccharomyces cerevi-
siae. In addition to its high degree of conservation with other
systems, S. cerevisiae continues to be particularly advantageous
for genetic and biochemical analysis of non-selective and selec-
tive forms of autophagy.
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Autophagy is a dynamic process that requires constant fine-
tuning at multiple levels to maintain the appropriate timing of
induction and magnitude within the cell. Cells control the level
of the autophagic response largely by regulating the size and
frequency (i.e. number) of autophagosomes (24, 25). Here, we
will briefly describe the main phases of the autophagic process
and the machinery involved before further reviewing recently
published work on its transcriptional and post-transcriptional
regulation.

Autophagy in S. cerevisiae

There are five main stages of autophagy, including: 1) induc-
tion and nucleation of the phagophore membrane; 2) expan-
sion of the phagophore; 3) closure and maturation to form the
autophagosome; 4) autophagosome–vacuole fusion; and 5)
degradation/efflux of the breakdown products (see Fig. 2).
Briefly, in yeast, autophagy is typically stimulated through
nutrient deprivation (most commonly with nitrogen starva-
tion) or with the use of a pharmacological agent such as rapa-
mycin. Rapamycin treatment inhibits target of rapamycin
(TOR), a serine/threonine kinase and major negative regulator
of autophagy induction in yeast (26). In addition to TOR,
upstream nutrient sensors such as protein kinase A and Snf1
(the homolog of mammalian AMP kinase) integrate signals for
autophagy regulation (27). In yeast, the phagophore assembly
site (PAS) is the intracellular location of autophagosome for-
mation. At the PAS, Atg proteins assemble in a hierarchical
order. The first complex recruited to the PAS includes Atg1,
Atg13, and the Atg17–Atg31–Atg29 ternary subcomplex (28,

29). Next, Atg9 (along with Atg2 and Atg18) localizes to the
PAS (30). The phagophore, a dynamic cup-shaped membrane
structure, transiently envelops bulk cytoplasm or specific cargo.
This sequestration event is followed by expansion and closure
of the phagophore to form the mature autophagosome and
requires two conserved ubiquitin-like (Ubl) conjugation sys-
tems, which involve Atg12 and Atg8.

The Atg12 Ubl system includes Atg5, Atg7, Atg10, Atg12,
and Atg16 and leads to the formation of the heterotrimeric
complex Atg12—Atg5–Atg16, which may function as an
E3-like enzyme for the Atg8 conjugation system, although this
complex is not absolutely required for conjugation to occur
(31–34). The conjugation of Atg12 to Atg5 at the phagophore
occurs sequentially, requiring Atg7, an E1-like enzyme that
activates Atg12, and Atg10, an E2-like enzyme (35, 36). The
Atg8 Ubl system is necessary for membrane expansion and clo-
sure of the phagophore, and this second system includes Atg3,
Atg4, Atg7, and Atg8 (30). Non-lipidated Atg8 is converted to
its lipidated phosphatidylethanolamine-conjugated species fol-
lowing Atg4-mediated proteolytic processing of its C terminus,
Atg7-dependent activation, and Atg3-facilitated conjugation at
a conserved C-terminal glycine (37, 38).

The next major step in autophagy involves fusion between
the outer membrane of the autophagosome and the vacuole.
The resulting vesicle formed by this event is termed the
autophagic body and consists of the remaining inner autopha-
gosome membrane found within the vacuole lumen. The final
events in autophagic flux include degradation of the cargo, fol-
lowed by efflux of the resulting macromolecules. In yeast, the
vacuole has enzymes for degrading the major macromolecules;
however, an efflux mechanism has only been identified for
amino acids (39), and catabolized RNA products appear to be
secreted from the cell (20). For a more comprehensive review
on the main stages of autophagy and the role of ubiquitin, please
see Refs. 28, 40, 41.

Transcriptional regulation of autophagy

Background

As mentioned above, cells must successfully fine-tune and
integrate signals at multiple regulatory levels to maintain
appropriate control over autophagy. Here, we focus on tran-
scriptional and post-transcriptional regulation of autophagy in
S. cerevisiae. For further discussion on autophagy regulation,
particularly at the epigenetic and post-translational levels,
please see these recent reviews in Refs. 40, 42– 45.

Major transcriptional regulators in yeast

Ume6 —Ume6 is a DNA-binding protein that has dual func-
tions both as a transcriptional activator and as a repressor
depending on the growth conditions (46, 47). Ume6 is depen-
dent on the corepressor Sin3 and histone deacetylase Rpd3, and
all are components of the multisubunit Rpd3 large (Rpd3L)
complex in yeast (48 –50). Rpd3L is one of the 2 Rpd3 histone
deacetylase complexes that regulate gene expression (50 –52).
A Ume6 consensus-binding site (URS1 region) is found within
the ATG8 promoter (53); Ume6 directly binds (and thereby
represses) the ATG8 promoter under nutrient-rich conditions
(53). Ume6 undergoes phosphorylation by the kinase Rim15

Transcriptional 

Post-Transcriptional 

Translational 

Post-Translational 

Transcription factors
Histone modifications 

ncRNA
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Acetylation
Glycosylation
Protein-protein interactions

Figure 1. Autophagy regulation occurs at multiple levels. Because of the
essential role that autophagy plays in maintaining homeostasis and the myr-
iad of diseases that can result from perturbations to the pathway, cells must
strictly modulate the entire process, beginning at transcription through post-
translational modification. At the level of transcription, ATG gene expression
can be regulated both positively and negatively through the action of specific
transcription factors and epigenetic changes at histones. These transcripts
can then be controlled further at the post-transcriptional and translational
levels through the mechanisms of non-coding (nc) RNA, RNA-binding pro-
teins (RBPs), mRNA localization, and RNA decay. At the protein level, post-
translational modification such as phosphorylation, ubiquitination, acetyla-
tion, glycosylation, and protein–protein interactions can further regulate
autophagy activity.
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(further detailed below) during nitrogen starvation, which leads
to the derepression of ATG8, thus promoting ATG8 transcrip-
tion (53). Deletion of UME6, SIN3, and/or RPD3 significantly
up-regulates ATG8 mRNA (and consequently protein) under
nutrient-rich conditions, and autophagy is more rapidly
induced in ume6� cells during nitrogen starvation (53). Impor-
tantly, the amount of Atg8 directly correlates with the size of
autophagosomes during starvation conditions (24). These find-
ings support a mechanism whereby the cell is primed for a rapid
autophagic response once it encounters starvation conditions.
Although Ume6 is not conserved in more complex eukaryotes,
the mammalian SIN3 proteins appear to play a similar role in
regulating the expression of the Atg8 homolog MAP1LC3B
(53).

Pho23—Pho23 is another member of the Rpd3L complex (50,
54) and a negative regulator of autophagy activity in yeast (25).
Deletion of PHO23 results in the up-regulation of multiple ATG
transcripts, including ATG1, -7–9, -12, -14, and -29 and an
increased frequency of autophagosome formation (i.e. number)
(25). Pho23 represses ATG9 under nutrient-replete conditions,
and levels of Atg9 directly affect the frequency of autophago-
some formation (25). Atg9 is the only integral membrane pro-
tein component of the core autophagy machinery—those pro-
teins that are essential for autophagosome formation (55). Atg9
cycles between the PAS and peripheral sites close to the mito-
chondria during autophagy; these sites are also known as tubu-
lovesicular clusters and are thought to correspond to donor
membranes (56 –58). Phosphorylation of Atg9 at serine 122
(Ser-122) regulates anterograde movement between the periph-
eral sites and the PAS, thereby controlling the rate of autopha-
gosome formation (59). These data support a model in which
Atg9 functions to provide membrane or to direct membrane
delivery for phagophore expansion; thus, increased levels of
Atg9 (through Pho23 derepression) allow for a greater number
of autophagosomes to form, which would have a direct effect on
the magnitude of autophagy activity.

Rph1—Rph1 is a Jumonji C catalytic domain-containing his-
tone demethylase (60). However, the role of Rph1 in autophagy
is independent of its demethylase activity (61). Deletion of
RPH1 enhances autophagy, and overexpression of Rph1
strongly inhibits autophagy and autophagosome formation
(61). Rph1 functions as a negative transcriptional regulator of
autophagy by repressing the expression of a subset of ATG
genes under nutrient-replete conditions, particularly ATG7,

but also including ATG1, -8, -9, -14, -29, and -32 (61). Further-
more, Rph1 directly regulates ATG7 by binding to its promoter;
this binding does not occur when the DNA-binding domains of
Rph1 are eliminated (61). As described above, Atg7 plays an
essential role in the conjugation of phosphatidylethanolamine
to Atg8, which is critical for autophagosome formation. Levels
of Atg7 have an impact on the magnitude of the autophagic
response (61, 62). When cells are starved for nitrogen, Rim15
phosphorylates Rph1, inhibiting its repression of ATG tran-
scripts (61). KDM4A, a mammalian homolog of Rph1, has a
conserved role in autophagy induction (61). Additionally, Rph1
may mediate transcriptional control over other as yet uniden-
tified ATG genes (63).

Rim15—The Rim15 protein kinase integrates signals from
the two major nutrient sensing pathways in yeast, TOR and
protein kinase A, to positively regulate autophagy (64 –65).
Although not a direct transcriptional regulator, Rim15 phos-
phorylates the DNA-binding proteins Ume6 (53) and Rph1 (61)
to influence ATG gene transcription (66); Rim15-dependent
phosphorylation inhibits these transcription factors, leading to
the derepression of ATG genes (61). Future studies will deter-
mine whether Rim15 mediates the phosphorylation of addi-
tional autophagy regulatory factors, particularly those involved
in other aspects of transcriptional or post-transcriptional
autophagy modulation.

Gcn4 —Gcn4 is a basic leucine zipper (bZIP) transcriptional
activator that primarily binds to the 5�-TGACTC-3� consensus
site in the promoter regions of target genes (67). Gcn4 was
initially identified to function in the amino acid starvation
response and has been described as a principal regulator of
autophagy gene expression (68). During growing conditions,
Gcn4 positively mediates delivery of precursor aminopeptidase
I in the Cvt pathway (69). When cells undergo starvation, Gcn4
regulates non-selective autophagy activity through ATG gene
transcription (69). Gcn4 activates ATG1, ATG13, and ATG14
gene expression during amino acid deprivation (68) and ATG1
during nitrogen starvation (69). Gcn4 controls ATG41 mRNA
expression during nitrogen starvation-induced autophagy
through transcriptional activation (70). Recently, Atg41 was
identified to function in Atg9 cycling and the delivery of donor
membrane to expand the phagophore at the PAS (70). The
translation of GCN4 is stimulated by the phosphorylation of
Sui2/eIF2� by the protein kinase Gcn2 (71). Gcn2 itself also
positively regulates autophagy, presumably by its downstream

Fusion 

Vacuole

AutophagosomePhagophorePAS

Maturation Expansion Nucleation 
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Figure 2. Non-selective autophagy in S. cerevisiae. Autophagy occurs through a sequential series of events in the yeast S. cerevisiae, including induction and
nucleation of the phagophore at the PAS, expansion of the phagophore, closure and maturation to form the autophagosome, autophagosome–vacuole
fusion, and cargo degradation followed by efflux of the breakdown products.

THEMATIC MINIREVIEW: Regulation of autophagy in yeast

5398 J. Biol. Chem. (2018) 293(15) 5396 –5403



effects on Gcn4-mediated ATG transcription (72, 73) and pos-
sibly through the inhibition of TOR (74).

Gln3—Gln3 is a GATA-like transcription factor that shares
only 65% homology with other known GATA factors in yeast
(75, 76). Gln3 binds to the consensus sequences 5�-GATAAG-3�
and 5�-GATTAG-3�, which have been previously identified as
nitrogen-responsive upstream activation sequences within the
promoter regions of target genes (77). During rich conditions,
Gln3 mediates biosynthetic delivery of precursor aminopepti-
dase I to the vacuole (69). When cells are starved, Gln3 posi-
tively regulates non-selective autophagy by targeting ATG14
(78), -7–9, -29, and -32 (69). Unexpectedly, in nutrient-replete
conditions, deletion of GLN3 results in the accumulation of
ATG8 and ATG29 transcripts, demonstrating either direct or
indirect negative control over basal autophagy (69).

Gat1—Gat1 is another GATA-type transcription factor that
has a GATA1-type zinc finger DNA-binding motif and binds to
5�-GATAAG-3� upstream activation sequence regions in the
promoters of nitrogen-sensitive genes, similar to Gln3 (79).
Gat1 functions as a positive factor for autophagy induction;
deletion of GAT1 results in decreased autophagy activity (69).
Also similar to Gln3, deletion of GAT1 significantly down-reg-
ulates ATG7–9, -29, and -32 mRNAs; however, no additive
effect is observed on ATG transcript levels when both GAT1
and GLN3 are deleted in the same strain (69).

Other transcriptional regulators—Yap1 is a bZIP transcrip-
tion factor with a preference for binding at promoter sites con-
taining 5�-TTACTAA-3� sequences (80). It has been recently
reported that Yap1 positively regulates transcription of the
lipase gene ATG15 during starvation-induced autophagy (81).
Atg15 preferentially hydrolyzes phosphatidylserine and facili-
tates autophagic body lysis within the vacuole (82, 83). Sfl1
functions as a transcriptional repressor and activator (84, 85)
and has also been recently identified to function as a positive
regulator of the Cvt pathway, autophagy, and ATG8 expression
(69). Fyv5 negatively regulates the expression of ATG1, -8, -9,
and -14, but this effect may not be direct; in contrast, the Cvt
pathway appears to be positively affected by this factor (69).
Spt10, a histone H3 acetylase, represses ATG8 and ATG9 at
both the RNA and protein levels (69). Although key transcrip-
tional regulators have been identified to affect core ATG gene
transcripts, the potential exists for novel factors to be discov-
ered, particularly those that may target selective autophagy
pathways.

Post-transcriptional regulation of autophagy

Background

Although novel transcriptional mediators of autophagy have
recently been identified (25, 53, 61, 69), post-transcriptional
regulation of autophagy in yeast is largely uncharacterized. In
mammals, non-coding RNAs such as microRNAs (miRNAs)
and RNA-binding proteins can modulate autophagy at the
post-transcriptional level (42, 45, 86 – 89). However, the RNA
interference system (which is required for miRNA processing
(90, 91)) is not present in S. cerevisiae (92). Alternatively,
another mechanism whereby cells exert post-transcriptional
control over gene expression is through RNA decay pathways

(which can degrade transcripts in either the 5� to 3� or the 3� to
5� direction). During canonical 5� to 3� degradation, transcripts
undergo a reversible process known as deadenylation (which
removes the 3� poly(A) tail), followed by decapping. The decap-
ping enzyme Dcp2 removes the 5�-methylguanosine cap of the
mRNA, resulting in an exposed 5�-monophosphate. Finally, the
decapped cytoplasmic mRNAs undergo 5�- to 3�-mediated deg-
radation by the cytoplasmic exoribonuclease Xrn1.

Dcp2 and RCK family RNA helicases Dhh1/Vad1/DDX6

A role has recently been described for Dcp2 and RCK family
RNA-binding proteins as post-transcriptional regulators of
ATG mRNAs, autophagy, and autophagy-dependent innate
immune responses in yeast and mammalian cells (93). RCK
family members–Dhh1 in S. cerevisiae, Vad1 in Cryptococcus
neoformans, and DDX6/p54 in mammals–are RNA helicases
acting in part as decapping accessory factors that interact with
target mRNAs through recruitment to the decapping complex
by binding the 5�- and/or 3�-untranslated region of selected
transcripts (40, 94). Dhh1 also physically interacts with the
decapping enzyme Dcp2 (95).

In the report by Hu et al. (96), deletion of DHH1 or a tem-
perature-sensitive (ts) mutation of DCP2 caused a significant
up-regulation of ATG transcripts. In particular, of the ATG
transcripts that were examined in this study, dhh1� cells dem-
onstrated significantly increased levels of ATG3, -7, -8, -19, -20,
-22, and -24 mRNA under nutrient-replete conditions (96). In
the dcp2-7� ts strain, transcript levels for ATG1 through ATG9,
ATG11, ATG13 through ATG24, and ATG29, -31, -32, and -34
were significantly up-regulated in rich conditions (96). Both the
dhh1� and dcp2-7� ts strains demonstrated higher levels of
autophagy activity through multiple assays when starved for
nitrogen (96). This mechanism is highly conserved across the
two fungal species examined (S. cerevisiae and the pathogen
C. neoformans) and up through mammalian cells (96). In
C. neoformans, the Dhh1 homolog Vad1 mediates decapping of
ATG mRNAs, especially ATG8 (96). Furthermore, Hu et al. (96)
demonstrated that Dcp2 is phosphorylated by TOR under
nutrient-rich conditions in C. neoformans, which drives its
association with (at least) ATG8 mRNA, stimulating recruit-
ment of the transcript to the decapping machinery, followed by
subsequent decapping. Thus, TOR acts as a negative regulator
of the translation of ATG genes under conditions where it
promotes the translation of the vast majority of cellular tran-
scripts. In mammalian cells, mechanistic TOR phosphory-
lates DDX6, the homolog of Dhh1/Vad1, resulting in decap-
ping of the MAP1LC3B transcript under nutrient-rich
conditions to repress autophagy (96). Transcripts are then
presumably degraded to maintain autophagy at a basal level.
In contrast, starvation conditions inactivate TORC1, arrest-
ing degradation of the targeted transcripts and promoting
sustained autophagy (96).

Xrn1

The data on Dhh1/Vad1 and Dcp2 imply a role for 5� to 3�
mRNA degradation in autophagy regulation. Recent work
shows that the RNase Xrn1/XRN1, which functions down-
stream of the decapping complex in the canonical 5� to 3� RNA
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decay pathway, is also a negative post-transcriptional regulator
of autophagy in both yeast and mammalian cells (97). Chromo-
somal deletion of XRN1 induces a more rapid and robust
autophagy response as determined through multiple assays in
yeast (97). We also found that the frequency of autophagosome
formation increases in starved xrn1� cells compared with wild-
type cells based on transmission electron microscopy (97). Fur-
thermore, when xrn1� cells are assessed by quantitative PCR
under nutrient-rich conditions, select ATG transcripts are
found to be up-regulated, including ATG1, -4, -5, -7, -8, -12, -14,
-16, -29, and -31. Regulation of (at least) ATG8, ATG12, and
ATG29 is dependent upon the RNase activity of Xrn1 (97).

In mammalian cells, there is enhanced autophagy activity in a
starvation-independent manner when XRN1 is depleted by
small interfering RNA (97). The impact on autophagy is
blocked in BECN1 or ATG5 CRISPR knockout cells, supporting
the role of the canonical autophagy pathway (97); BECN1 is a
component of the phosphatidylinositol 3-kinase complex
required for autophagy induction (98). In addition, reduction of
XRN1 levels is associated with an up-regulation of poliovirus
infection in an autophagy-dependent manner (97), underlying
the role of Xrn1/XRN1 as a conserved autophagy regulator.
Poliovirus, similar to other picornaviruses, utilizes host mem-
branes that are proposed to be derived from autophagosomes to
support viral genome replication (97, 99, 100).

Summary

The studies by Hu et al. (96) and Delorme-Axford et al. (97)
provide a paradigm for post-transcriptional autophagy regula-
tion, but they also represent the limit of what is known about
this type of regulation of autophagy in yeast. Although these
findings are exciting and novel, it is still not clear why there
appears to be differential targeting of transcripts in the strains
examined (dcp2–7� ts, dhh1�, and xrn1�) even though they
encode components of a related pathway of RNA degradation
(96, 97). Thus, despite these insights, much work remains to
further understand how autophagy is controlled post-tran-
scriptionally. For example, how are transcripts selected for deg-
radation under nutrient-replete conditions? Although Dhh1
and Xrn1 are likely to drive some degree of specificity, many
more ATG transcripts are affected in the dcp2-7� ts cells com-
pared with the dhh1� and xrn1� strains (96, 97). Based on these
data, Dhh1 and Xrn1 are likely not the only factors mediating
selective transcript targeting. Furthermore, although S. cerevi-
siae does not post-transcriptionally regulate gene expression
through miRNA, additional non-coding RNA mechanisms
such as long non-coding RNA could potentially play a role in
autophagy regulation. Future studies should be aimed toward
uncovering additional components moderating ATG gene
expression through RNA decay.

Conclusions

Here, we present a concise review of what is currently known
regarding the transcriptional and post-transcriptional regula-
tion of autophagy in the yeast S. cerevisiae (see Fig. 3 for a sum-
mary). Recent advances in the field have provided additional
clues as to the myriad of regulatory mechanisms that cells
maintain to tightly control and coordinate autophagy. How-

ever, many questions remain, particularly concerning how
autophagy is regulated post-transcriptionally, not only in yeast
but in other eukaryotic systems as well. Additional novel post-
transcriptional regulatory factors have yet to be identified and
characterized. Further investigation into the mechanisms by
which cells control the major stages of autophagy— especially
induction and magnitude—at multiple regulatory levels is
critical to enhance our understanding of how this essential
process is maintained in the cell to promote normal physio-
logical processes and how its dysregulation contributes to
disease pathogenesis.
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Ubiquitination is a widespread post-translational modifica-
tion that controls multiple steps in autophagy, a major lyso-
some-mediated intracellular degradation pathway. A variety of
ubiquitin chains are attached as selective labels on protein
aggregates and dysfunctional organelles, thus promoting their
autophagy-dependent degradation. Moreover, ubiquitin modi-
fication of autophagy regulatory components is essential to pos-
itively or negatively regulate autophagy flux in both non-selec-
tive and selective pathways. We review the current findings that
elucidate the components, timing, and kinetics of the multiva-
lent role of ubiquitin signals in control of amplitude and selec-
tivity of autophagy pathways as well as their impact on the devel-
opment of human diseases.

A living cell is a complex and dynamic system, which quickly
responds and adapts to environmental changes and stress situ-
ations. Likewise, proteins play a key role in all physiological and
pathological cellular functions; therefore, understanding the
mechanisms related to their synthesis, modification, and deg-
radation is of great importance.

Autophagy is a highly dynamic catabolic process able to
resolve a stress situation within minutes. This is possible
because a multitude of different signaling pathways converge
on the autophagy core machinery (1). The fast timing implies, at
least in a first instance, the involvement of signaling cascades
mainly regulated by post-translational modifications (PTMs)2

rather than transcriptional events. Initially, the focus of studies
was predominantly on the regulative kinases and their phos-
phorylation activity. More recently, ubiquitin has emerged as a
central regulator of all molecular steps of the autophagy flux,
from the nucleation of the double membrane to the shutdown

of the entire process after resolution of the stress situation.
Moreover, phosphorylation and ubiquitination processes seem
to cross-talk and influence each other to lead the entire degra-
dative flux (2). In general, ubiquitination is the most relevant
PTM employed by the ubiquitin-proteasome (UPS) and the
autophagy-lysosome (AL) systems to label their substrates. In
the cytosol, UPS and AL pathways act simultaneously, share
components of their molecular machineries, and constantly
influence each other’s activity (3–5). Multiple reports indicate
the autophagy receptor p62/sequestosome-1 as the principal
molecule that regulates the cross-talk between the two systems
(3, 6, 7); however, the strongest commonality between the two
degradative systems is the small globular protein ubiquitin
(Ub).

Ubiquitin is covalently conjugated to lysine (Lys) residues of
a substrate protein and mediates its degradation or modulates
its biological function acting as a signaling molecule, respec-
tively. Ubiquitin conjugation is a multistep reaction that
involves subsequent action of three types of enzymes: E1, ubiq-
uitin-activating enzyme; E2, ubiquitin-conjugating enzyme;
and E3, ubiquitin ligases. The whole process begins with the
ATP-dependent activation of the C-terminal glycine residue of
the ubiquitin molecule and is terminated by the conjugation of
ubiquitin to the substrate protein (8, 9). A single ubiquitin
(mono-ubiquitination) or several Ub molecules (multiple
mono-ubiquitinations) can be ligated to a Lys residue of the
target protein. Moreover, by linking several ubiquitin moieties
through one of their seven lysine residues or the N-terminal
methionine residue (M1) different chains are formed (10, 11).
Finally, substrate-conjugated Ub molecules can also be modi-
fied by other PTMs, such as SUMOylation, phosphorylation,
and acetylation, increasing the level of complexity of the ubiq-
uitin code (12, 13). Of note, ubiquitination is a reversible pro-
cess. The linkage between ubiquitin molecules themselves as
well as between ubiquitin and their substrates can be hydro-
lyzed through the action of deubiquitinating enzymes (DUBs)
(14). Taken together, ubiquitination displays a broad variety.
Mono- or multi-Ub and the exact Ub chain composition deter-
mine the fate of the tagged substrates as well as the type of
signaling pathway that is involved in vivo (10).

Ubiquitin-like systems in autophagy

The autophagy core machinery harbors two evolutionarily
conserved ubiquitin-like conjugation systems, which are
recruited to the autophagosomal membranes during their for-
mation, maturation, and expansion (15). The first one involves
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ATG7 and ATG10 and is responsible for the formation of the
ATG5–ATG12–ATG16L complex; the second one includes
ATG3, ATG4, and ATG7 and catalyzes the activation and
membrane conjugation of the autophagy ubiquitin-like modi-
fiers (ATG8s). The large family of mammalian ATG8 proteins
(mATG8s), which can be subdivided into MAP1LC3s (LC3A,
LC3B, and LC3C) and GABARAPs (GABARAP, GABARAP-
L1, and GABARAP-L2), are known as ubiquitin-like modifiers
for their homology with the Ub molecule and the ubiquitin-like
enzymatic cascade that mediates their covalent conjugation to
the lipid phosphatidylethanolamine (PE), known as “lipida-
tion.” The conjugation process starts with the protease ATG4,
which cleaves the ATG8 proteins and exposes a C-terminal
glycine for the subsequent conjugation reaction. Afterward, the
cascade proceeds with ATG7, the E1 enzyme; ATG8s are then
taken over by the E2 enzyme ATG3; and the ATG5–ATG12–
ATG16L complex mediates ATG8 linkage to PE functioning as
an E3 ligase complex (Fig. 1A). Similar to ubiquitin, the ATG8
conjugation process to PE is reversible. From yeast studies, later
confirmed in mammals, Atg4 also functions as the de-conjugat-
ing enzyme that releases Atg8 from the membranes (16 –18).
Interestingly, active mATG8s have not been reported yet to
bind other entities than lipid membranes even if their exposed
C-terminal glycine, after ATG4 cleavage, makes them suitable
for linkage to a lysine on a target protein similarly to the Ub-
conjugation mechanism. Because of the close relation between
the UPS and AL systems and the similarity between the Ub
molecule and the mATG8s, it is not surprising that ubiquitina-
tion influences the course of autophagy. However, it is still not
fully elucidated how the Ub code regulates autophagy in terms
of altering protein signaling and targeting regulatory proteins
to the proteasome, respectively. Non-degradative Ub signaling
stimulates autophagy induction, whereas degradative Ub sig-
naling is needed to restore the basal autophagy flux once the
stress situation is resolved (19). The complexity of the Ub sig-
naling in autophagy is reflected by a fine cross-talk between E3
ligases, which add Lys-63 or Lys-48 chains to the components
of the regulatory complexes and DUBs that counteract their
actions (Fig. 1) (7, 20).

Autophagy induction via Lys-63 ubiquitination

In mammalian cells, the ULK1 and PI3K–III kinase com-
plexes are the two major protein structures responsible for
autophagy initiation and autophagosome formation. Both are
regulated by phosphorylation, mainly due to mTORC1 and
AMPK kinases (21–23), and ubiquitination, which involves a
network of cross-talks and loops among different E3 ligases and
DUBs (7). For example, TRAF6 E3 ligase positively influences
both complexes by adding Lys-63 poly-Ub chains. Recent data
showed that TRAF6 assembles Ub chains on ULK1 promoting
its stabilization, self-association, and autophagy functions in
HeLa cells. Their interaction is not direct but is mediated by
AMBRA1, which acts as a bridging protein. In standard grow-
ing conditions, mTORC1 negatively regulates AMBRA1 func-
tion via its direct phosphorylation. Upon starvation, mTORC1
is inactive resulting in de-phosphorylated AMBRA1, which
can bind TRAF6 and bring the E3 ligase in proximity to ULK1.
Lys-63 poly-Ub chains activate ULK1, which consequently

phosphorylates AMBRA1, initiating a positive regulatory loop
and promoting AMBRA1 autophagy functions. Of note, ULK1
and mTORC1 phosphorylate AMBRA1 on different sites (24,
25). Besides, BECLIN 1, which forms the catalytic core of the
PI3K–III complex together with VSP34 and VPS15, is also a
substrateofTRAF6inmacrophages.Thebindingof lipopolysac-
charides to TLR4 triggers a signaling cascade, which disrupts
the binding between BECLIN 1 and BCL2. As a consequence,
TRAF6 catalyzes the formation of Lys-63 poly-Ub chains on
Lys-117 in the BH3 domain of BECLIN 1. The Ub chain gener-
ates an impediment for BCL2 binding to BECLIN 1; therefore,
it promotes BECLIN 1-mediated autophagy induction. Of
note, the DUB A20 hydrolyzes the Lys-63 poly-Ub chain of
BECLIN 1 restoring the binding with BCL2 (26 –29). Interest-
ingly, also DAPK phosphorylation of BECLIN 1 in its BH3
domain abrogates the association with BCL2 (30). Hence, these
two PTMs accomplish the same biological function, and it
could be possible that BECLIN 1 phosphorylation also entails
its ubiquitination, meaning that the TRAF6 E3 ligase senses the
phosphorylation as a recruitment priming factor (31). More-
over, BECLIN 1 PTMs represent a cross-talking point between
the ULK1 and PI3K–III complexes. Upon nutrient deprivation
in mammalian cells and murine animal models, AMBRA1
directly interacts with BECLIN 1 priming its ubiquitination on
Lys-437. This Lys-63-polyubiquitination is mediated by the E3
Rbx1/Cul4-ligase, which forms a complex with AMBRA1 to
target BECLIN 1 under starvation. When standard conditions
are restored, this reaction is reversed by the Wiskott-Aldrich
syndrome protein and the SCAR homologue WASH, which
is an endosomal protein belonging to the WASP protein
family (32). Moreover, ULK1 can phosphorylate BECLIN 1
increasing the PI3K–III complex activity (33). The reported
cross-talk between the two complexes raises the question
whether AMBRA1 could also be involved in TRAF6-medi-
ated BECLIN 1 Lys-63 ubiquitination in macrophages as a
bridging protein, and whether this ubiquitination is trigged
by ULK1 phosphorylation of both BECLIN 1 and AMBRA1.
Moreover, although AMBRA1 and BECLIN 1 are involved in
ubiquitin-dependent regulatory processes, VPS34 and VPS15
have so far been considered only for their phosphorylation
capability. However, KAP1 SUMO-ligase mediates SUMO1
conjugation to VPS34. As a result, VPS34 interacts stronger
with the PI3K–III complex that promotes the formation of the
phagophore (34).

The role of the autophagosome is to engulf the cytosolic
cargo, whereas degradation of the material enclosed occurs
after fusion with a lysosome. For this reason, lysosome function
and biogenesis are as important as those of autophagosomes.
TFEB is the master transcriptional regulator of genes involved
in autophagosome and lysosome biogenesis (35). So far, TFEB
regulation was known to occur mainly by its phosphorylation
via mTORC1. Phosphorylated TFEB is inactive and seques-
tered in the cytosol. Upon autophagy induction and mTORC1
inactivation, TFEB is dephosphorylated and can translocate, as
dimer, into the nucleus where it acts as a transcription factor
(35, 36). Recently, it has been shown that phosphorylated TFEB
is further modified by STUB1 E3 ubiquitin ligase by analyzing
Stub1�/� mice and further confirming in HeLa cells. STUB1
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binding to TFEB is mediated by the chaperone protein HSP70
and, even if the specific Lys residue and the type of ubiquitin
chain are not yet known, the degradation of Ub-modified TFEB
increases the cytosolic amount of de-phosphorylated protein,
which can form homodimers and translocate into the nucleus.
Of note, heterodimers of phosphorylated and dephosphorylat-
ed TFEB do not shuttle to the nucleus and function as transcrip-
tion factors (37). Interestingly, TFEB is the first evidence of a Ub
degradative signal on an autophagy master regulator that medi-
ates activation of autophagy (Fig. 1B).

Autophagy termination is regulated via degradative
ubiquitination

Once the stress situation is resolved, for example when the
standard nutrient conditions are restored, or when the degra-
dative process is markedly extending in time, the autophagy
machinery needs to be shut down to avoid the excessive degra-
dation of cellular components that will lead to apoptosis. Once
more, the cross-talk between phosphorylation and ubiquitina-
tion signals on the ULK1 and PI3K–III complexes primes the
process (19). The degradative ubiquitin signal, which involves
the Lys-48 Ub chain’s labeling of the target protein followed by
its subsequent proteasomal degradation, reduces the protein
level of the autophagy regulators restoring a physiological basal
autophagy flux. The HECT-type E3 ligase NEDD4 mediates
Lys-11-linked ubiquitination of BECLIN 1, which is subse-
quently degraded. The reduced level of BECLIN 1 destabilizes
the VPS34 –BECLIN 1 complex affecting its biological function
and consequently blocking autophagy (38). NEDD4L, an E3
ligase highly homologous to NEDD4, negatively modulates
ULK1 protein level during autophagy progression boosting its
degradation. NEDD4L directs ULK1 to the proteasome via Lys-
27- and Lys-29-linked polyubiquitination (39). Moreover, in
the specific case of selenite-induced mitophagy in HeLa cells,
ULK1 becomes a substrate for the mitochondrial outer mem-
brane (MOM) E3 ligase MUL1 (40). Recently it has been
described that ULK1, BECLIN 1, and VPS34 are also substrates
of CULLIN3–KHLH20 ligase, which mediates their degrada-
tion via Lys-48 poly-Ub chains (41).

Interestingly, BECLIN 1 and AMBRA1 play a pivotal role in
both autophagy induction and termination. Therefore, their
protein level is finely controlled by several E3 ligases and DUBs.
Under prolonged stress conditions such as long starvation peri-
ods in HeLa cells, the CULLIN4 –DDB1 complex shuts down
autophagy promoting AMBRA1 degradation via the protea-
some (42). Moreover, RNF2 E3 ligase can modify Lys-45 of
AMBRA1 with a Lys-48 –linked Ub chain, which targets the
substrate directly to the proteasome (43). However, under-
standing BECLIN 1 regulation is probably the most challenging
endeavor. Besides its direct interaction with NEDD4, BECLIN 1
function is indirectly regulated also by the E3 ligase PARKIN. In
HeLa cells, the interaction between BECLIN 1 and BCL2 is

strengthened by PARKIN-mediated mono-ubiquitination of
BCL2, with the consequent result of impairing BECLIN 1 func-
tion in autophagy (44). The exact mechanism of how mono-
ubiquitination contributes to the stability of the complex
has remained unclear so far. However, the dual function of
PARKIN reported, depending on its cellular localization, bears
interesting starting points for further, deeper studies. On mito-
chondria, it promotes Lys-63 and Lys-48 poly-Ub chain reac-
tions to induce mitophagy, although when PARKIN is cytosolic,
it has an inhibitory effect on autophagy relayed through mono-
ubiquitination of BCL2. Last, but not less important, is the
DUB-mediated regulation of BECLIN 1 protein levels. Here,
the DUBs USP13 and USP10 normally protect BECLIN 1 from
ubiquitination. Upon their inhibition by cellular treatment with
the chemical compound Spautin-1, a still unknown E3 ligase
rapidly tags BECLIN 1 with degradative Ub chains and directs it
to the proteasome (45). Importantly, a similar scenario is pic-
tured by geldanamycin, which displaces the chaperone protein
HSP90 from BECLIN 1 with the final result of Lys-48 polyubiq-
uitin chain formation on BECLIN 1 (46). Also, in the case of
geldanamycin, the E3 ligase involved is still not characterized
(Fig. 1C).

It is worth speculating that the autophagy system employs E3
ligases in a cascade-like regulation of different steps in the
induction, procedure, and termination of the flux. Moreover,
the existence of such a thorny E3 ligase network is extremely
challenging when characterizing its details, and obviously the
cross-talk between proteasome and autophagy represents a
future frontier for the biomedicine.

Role of ubiquitin in selective autophagy

Selective autophagy can be considered a surgical instrument
used by the cell to eliminate protein aggregates and damaged
organelles without affecting any other cytosolic components.
The degradative process is driven and controlled by specialized
molecules: the autophagy receptors, which physically link the
autophagosomal membranes with the cargo for clearance.
Selective autophagy can be classified as ubiquitin-dependent or
-independent. In both cases, receptors harbor an LIR motif
to bind the ATG8s, which are linked to the expanding autopha-
gosomal membranes. In the case of ubiquitin-dependent
autophagy, receptors directly bind the ubiquitin chains, present
on the cargo surface, through their ubiquitin-binding domain.
Of note, the two types of selective autophagy are not exclusive,
frequently both kind of receptors are found present on the same
cargo (47–49). Several types of selective autophagy have been
observed and named accordingly to the substrate they target for
degradation (47, 48). Technically, all ubiquitin-labeled cellular
components are suitable for lysosomal degradation; however,
autophagy can distinguish its specific cargos leaving the other
cellular components unaffected, which are also labeled with
poly-Ub chains, or directing them to the proteasome. One pos-

Figure 1. Involvement of ubiquitin signaling in autophagy initiation and termination. Upon a stress stimulus, autophagy machinery is immediately
activated. A, two conserved ubiquitin-like systems, involving ATG4 –ATG3–ATG7 and ATG7-ATG5–ATG12–ATG16L, are responsible for the mATG8s processing.
B, ULK1 and PI3K complexes are activated via Lys-63 polyubiquitin chains labeling ULK1 and BECLIN 1 proteins. Proteasome elimination of cytosolic phospho-
TFEB promotes lysosome biogenesis and autophagy gene transcription. C, once the stress situation is resolved, autophagy is shut down to avoid excessive
cellular catabolism. Degradative-ubiquitin signals determine proteasome elimination of the autophagy regulative proteins.

THEMATIC MINIREVIEW: Ubiquitin signaling and autophagy

J. Biol. Chem. (2018) 293(15) 5404 –5413 5407



sible explanation is the presence of ubiquitin clusters, which
increase the avidity for the autophagy receptors on the cargo
surface. An additional level of regulation could be the quality of
the Ub chains. Lys-63 chains seem to have a preferential affinity
for the autophagy receptors (50, 51), whereas proteins deco-
rated with Lys-48-, Lys-27-, Lys-11-linked ubiquitin chains
undergo proteasomal degradation (52). Nevertheless, in auto-
phagy-deficient mice displaying compromised autophagy flux,
all ubiquitin chain types are enriched (53). Therefore, the rela-
tive contribution of the different chains is still unclear and a
matter of investigation.

Aggrephagy

So far, almost 20 different types of selective autophagy have
been described (47, 48), and nearly half of them are ubiquitin-
driven. In this context, the first one to be described was
aggrephagy, probably because it represents one of the best
examples of cross-talk between the UPS- and AL-degradative
systems (Fig. 2A). Therefore, it is not surprising that many com-
ponents of the ubiquitin system are shared between the UPS
and aggrephagy. Generally spoken, the proteasome mainly
degrades proteins linked to Lys-48 poly-Ub chains, whereas the

Figure 2. Autophagy receptors bind to Lys-63 polyubiquitin chains and recruit phagophores to the cargo. A, in aggrephagy, multiple E3 ligases are
involved in the protein aggregate ubiquitination. p62 and NBR1 receptors are recruited via Lys-63 chains. SUMO, FAT10, and ISG15 are other ubiquitin-like
proteins, which label the protein aggregate surface. ISG15 interacts with p62, whereas BAG3 binds simultaneously Lys-48 Ub chains and p62 redirecting Lys-48
substrates to lysosomes. B, during mitophagy, PARKIN translocates to the mitochondria, where it mediates the ubiquitination of a plethora of mitochondrial
proteins. OMM proteins, which are involved in the mitochondrial fusion process and anchorage to the cytoskeleton, are degraded via proteasome. Isolated
single organelles are then recognized by autophagy receptors via Lys-63 polyubiquitin chains. C, damaged lysosomes are eliminated via autophagy, too. To
recruit LC3 on the lysosome surface, Lys-48 polyubiquitin chains must be removed by the ELDR complex. Lys-63 chains are unaffected by ELDR, so they
promote autophagy receptor recruitment. The E3 ligases involved in lysosome ubiquitination are so far unknown. D, upon infection, the Salmonella surface is
tagged by several E3 ligases as a defense mechanism. LRSAM1 and ARIH add, respectively, Lys-6 –Lys-27 and Lys-48 poly-Ub chains. Linear Ub chains are
formed and regulated by the HOIP1 and OTULIN (LUBAC complex), whereas the E3 ligase responsible for Lys-63 chains is unknown. The autophagy machinery
is recruited by Lys-63 and linear chains.
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aggrephagy machinery is stimulated by Lys-63 poly-Ub chains,
which recruit the autophagy receptors p62 and NBR1 (54, 55).
As part of the reversible signaling networks, de-ubiquitination
is involved in aggrephagy, too. The USP9X protease removes
mono-ubiquitin from the toxin �-synuclein, which is then pref-
erentially disposed in the lysosome rather than by the protea-
some (56). The proteasome subunit RPN11, a DUB, generates
unanchored free Ub chains, which bind and activate HDAC6
that favors protein aggregate clearance supporting the auto-
phagosome and cargo movement along microtubules (57, 58).
Autophagy receptors and Lys-63 poly-Ub chains are essential
for aggrephagy, and their activity is maintained also by other
Ub-related molecules. The ubiquitin-like proteins SUMO-1
and FAT10 bind and contribute to the formation of protein
aggregates (59, 60), whereas ISG15 binds to HDAC6 and p62
promoting lysosomal clearance of aggregates (61). Finally, BAG
family members BAG1 and BAG3 compete for the HSP-bound
polyubiquitinated substrates. Although BAG1 delivers chaper-
on-recognized misfolded proteins to the proteasome, BAG3
directly interacts with p62 and, at the same time, binds to
Lys-48 poly-Ub chains pulling through the lysosome proteins
initially addressed to the proteasome (62).

Mitophagy

Mitochondrial clearance is another relevant example of col-
laboration between the autophagy and proteasome ubiquitin
signals (Fig. 2B). Exhausted mitochondria are eliminated via
both Ub-dependent and Ub-independent autophagy. The E3
ligase PARKIN mediates the ubiquitination of mitochondrial
proteins in order to promote mitophagy. Conversely, FUNDC1,
BNIP3, and NIX are specific autophagy receptors, which lead to
Ub-independent mitophagy (63, 64). Independently of the type of
mitophagy, mitochondria must go through a fission process to be
enclosed in an autophagosome. The dysfunctional organelle is
quarantined from the whole mitochondrial network, and its
anchorage from the microtubules is relieved. These biological
processes are all finely regulated by ubiquitin at different levels.
Mitochondrial outer membrane (MOM) proteins MFN1/2,
FIS1, DRP1, and OPA1, involved in mitochondrial fission and
fusion, are ubiquitinated by E3 ligases and then removed via the
proteasome, boosting a re-arrangement of the mitochondrial
network morphology (65–68). Degradation of MOM fusion
proteins (MFN2 and OPA1) unbalances the mitochondrial
dynamic to fission, which is necessary to isolate the single dam-
aged organelle. At the same time, MIRO clearance ensures the
release of the mitochondria from their motor complex and
makes them suitable for engulfment into autophagosomes (69).
In contrast, during amino acid starvation healthy mitochondria
escape degradation promoting their elongation to preserve
ATP production and avoid mitophagy (70, 71). In this context,
Lys-48 polyubiquitination of DRP1, MFN1, and MiD49 elimi-
nates the fission protein regulators and therefore supports
mitochondrial fusion and elongation (66, 72). Isolated and dys-
functional mitochondria are then ready to be engulfed by dou-
ble membranes and eliminated. The core mitophagy process is
led by the kinase PINK1, which phosphorylates the E3 ligase
PARKIN and the poly-Ub chains on the mitochondrial surface,
generating a positive feedback loop. Phospho-Ub chains display

a stronger affinity for PARKIN, which is consequently more
efficiently recruited from the cytosol to the mitochondria (73–
77). Moreover, PARKIN phosphorylation is an activation signal
for this E3 ligase itself, which is responsible for the ubiquitina-
tion of a plethora of MOM proteins. The massive PARKIN
ubiquitination favors the binding of the autophagy receptors
(p62, OPTN, NPD2, TAX1BP1, and NBR1), which bridge the
autophagy membranes. Furthermore, TBK1 kinase mediates
the phosphorylation of all five mitophagy receptors, generating
a positive signaling loop (78, 79). On the surface of mitochon-
dria, PARKIN also interacts with AMBRA1. The nature and the
meaning of this interaction is not completely clear as yet (80,
81). Potentially, AMBRA1 functions as an adaptor to recruit
other E3 ligases like TRAF6 and CUL4 –DDB1 to mitochon-
dria. As part of the PARKIN-mediated mitophagy, the USP30
DUB controls PARKIN activity by removing poly-Ub chains
from the mitochondrial surface (82).

Lysophagy

Damaged lysosomes are themselves a target for selective
autophagy, and different types of poly-Ub chains have been
detected on their surface (83–85). Yet, only recently has the
significance of the poly-Ub chains that label lysosomes been
partially elucidated (Fig. 2C). Damaged lysosomes are initially
tagged with Lys-63 poly-Ub chains, which recruit p62, and in
the second instance, only a subpopulation of dysfunctional
organelles is decorated by Lys-48 poly-Ub chains. Lys-48 ubiq-
uitination is the signal for p97 recruitment on the damaged
lysosomes, where it cooperates with the co-factors UBXD1,
PLAA, and YOD1 (endo-lysosomal damage response (ELDR)
complex) to specifically remove the Lys-48 poly-Ub chains.
Both ATPase activity of p97 and the de-ubiquitinase function of
YOD1 are essential to remove Lys-48 polyubiquitin. Addition-
ally, the whole integrity of the ELDR complex is required to
extract Lys-48 poly-Ub chains. Interestingly, although ELDR
does not affect p62 recruitment, because it leaves the Lys-63
chains unaffected, removal of Lys-48 poly-Ub chains favors the
arrival of mATG8s on damaged lysosome surfaces (86). This
situation is reminiscent of mitochondria during mitophagy, so
it will be extremely interesting to understand which are the
Lys-48 target proteins and why they need to be eliminated to
recruit LC3. The clearance of Lys-48 chains could be functional
to unbalance the poly-Ub chain population, in favor of the
Lys-63 ones, or to degrade specific substrates that may inhibit
or mask the still unknown autophagy receptors on the lyso-
somal surface. Furthermore, the identity of the E3 ligases that
mediate lysosomal Lys-63 and Lys-48 ubiquitination still
remains an open question.

Xenophagy

Another interesting example of Ub-dependent selective
autophagy is xenophagy of Salmonella typhimurium or other
intracellular pathogens such as Mycobacterium (Fig. 2D) (87–
89). Bacterial infection triggers a dynamic change in the global
ubiquitinome in both the host cell and bacteria itself (90). In the
host cell, the Salmonella surface is promptly tagged with mul-
tiple types of Ub chains, which activate the cellular defense
mechanism to constrain pathogen growth (87, 89). The E3

THEMATIC MINIREVIEW: Ubiquitin signaling and autophagy

J. Biol. Chem. (2018) 293(15) 5404 –5413 5409



ligases responsible for the pathogen ubiquitination are
LRSAM1 for Lys-6 and Lys-27 chains, ARIH for Lys-48 chains,
and HOIP1 for the linear ubiquitination (91–93). Curiously, the
E3 ligase responsible for the Lys-63 chains’ decoration of bac-
teria is still unknown. Likewise, the E3 ligase RNF166 also local-
izes to Salmonella, but it mediates Lys-29 and Lys-33 polyubiq-
uitination of p62 and not of pathogen proteins (94). Of note,
there is a significant increase in ubiquitination sites of linear
poly-Ub chains upon infection (M1-linked), assembled by the
LUBAC complex, which induces two different types of signal-
ing response: selective autophagy induction and NF-�B–
signaling activation. Moreover, different poly-Ub chains are
clustered in small, distinct foci on the bacterial surface, where
even some hybrid poly-Ub chains are detected (95). M1 and
Lys-63 polyubiquitin chains are recognized by p62, NDP52, and
OPTN, which mediate the recruitment of the autophagy
machinery around the pathogen. In particular, OPTN is funda-
mental to restrict Salmonella infection via xenophagy. OPTN
affinity for LC3 is then further increased by TBK1, which medi-
ates OPTN phosphorylation in its LIR domain (89, 90). Addi-
tionally, linear chains function as a platform for NF-�B signal-
ing activation. M1-Ub chains on Salmonella trigger the local
recruitment of NEMO, activation of IKK�/IKK�, and conse-
quently NF-�B, which in turn promotes the secretion of pro-
inflammatory cytokines to restrict bacterial proliferation (92,
95). Interestingly, the only DUB that has been identified so far
to counteract Salmonella infection is OTULIN, which is a key
component of the LUBAC complex (95).

Overall, ubiquitin signaling is involved in several types of
selective autophagy and regulates the process at different
stages. The combination of Lys-48, Lys-63, M1, and likely other
poly-Ub chain signaling potentially mediates cargo morphol-
ogy changing and its cytosolic isolation, the recognition by the
autophagy receptors, and eventually the activation of other sig-
naling pathways. A further level of complexity is then achieved
with the presence of additional PTMs on poly-Ub chains, like
phosphorylation (12).

Concluding remarks

The autophagy field has been extensively investigated during
the course of the past years. However, how the whole pathway is
activated in response to stress stimuli still represents a chal-
lenge. The molecular signaling looks like an intricate combina-
tion of PTMs, which activate and inhibit the regulatory
complexes generating a domino effect. Unraveling the
cross-relations among the different PTMs is of great interest.
The combined impact of phosphorylation, ubiquitination, and
acetylation allows regulatory proteins to rapidly activate and
assemble as well as to self-inhibit their action (19, 96). Further
work is still required to elucidate the ubiquitination reaction
and the identity of the E3 ligases responsible for activating or
inhibiting the autophagic processes. The list of E3 ligases
involved in the regulative steps is constantly growing. The
enzymes can act together, during the same phase of the process,
or work sequentially at different stages, and they can also coun-
teract each other. Most important, the nature of the generated
poly-Ub chains on the target proteins determines their fate.
Lys-63 chains are used to positively regulate the system,

whereas Lys-48 poly-Ub chains have an inhibitory effect. Inter-
estingly, linear ubiquitin chains still do not have a precise iden-
tity in the signaling cascade. Until now, their role has been
described only during xenophagy; nevertheless, they may be
involved in other types of selective autophagy as well as in the
regulative signaling. Of great relevance is also the Ub signal that
modifies the dynamics of the targeted organelles to prepare
them for the selective autophagy. Only mitochondria have been
studied so far; however, the endoplasmic reticulum (ER) mor-
phology can also be affected during bacterial infection by a
novel type of phosphoribosyl-dependent serine ubiquitination
(97, 98). The two ER-phagy receptors FAM134B and RTN3
harbor the intrinsic property to shape ER membranes, so their
relation to ubiquitin could further explain their molecular
mechanism of action in ER-phagy (99, 100). Moreover, the elu-
cidation of the dynamic regulatory network is important to
understand the cross-talks among the different components in
the occurrence of the plethora of autophagy-linked diseases.
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A variety of mechanisms deliver cytosolic materials to the lys-
osomal compartment for degradation through autophagy. Here,
we focus on two autophagic pathways, the chaperone-mediated
autophagy and the endosomal microautophagy that rely on the
cytosolic chaperone hsc70 for substrate targeting. Although
hsc70 participates in the triage of proteins for degradation by
different proteolytic systems, the common characteristic shared by
these two forms of autophagy is that hsc70 binds directly to a spe-
cific five-amino acid motif in the cargo protein for its autophagic
targeting. We summarize the current understanding of the molec-
ular machineries behind each of these types of autophagy.

Autophagy refers to the degradation of a variety of cytoplas-
mic material in lysosomes (1). The delivery of autophagic cargo
to lysosomes inside double membrane vesicles (autophago-
somes) or macroautophagy has become the best characterized
form of autophagy (Fig. 1) (2). However, cytosolic materials
reach the lysosomal lumen through other mechanisms that also
contribute to the overall intracellular autophagic activity (3).
The lysosomal membrane can invaginate to internalize cargo in
vesicles that pinch off from the invaginated membrane (4). This
process known as microautophagy is conserved from yeast to
mammals and contributes to degradation of proteins and
organelles sequestered “in bulk” or in a selective manner (Fig.
1). Cytosolic proteins can also enter lysosomes for degradation
through a protein translocation system at the lysosomal mem-
brane, in a process known as chaperone-mediated autophagy
(CMA)2 (Fig. 1) (5).

The first CMA studies saw the light (6) when autophagy was
still considered a non-selective form of in bulk degradation.
This made CMA the first evidence that autophagy can be selec-
tive, because only the subset of cytosolic proteins bearing in
their amino acid sequence a pentapeptide recognized by hsc70
(heat-shock cognate protein of 70 kDa) was selected for degra-
dation through CMA. The landscape of autophagy has
changed, and selective forms of both macro- and microau-
tophagy have been described (Fig. 1). Cargo recognition by
chaperones has been described for these three autophagic pro-
cesses, and even the same chaperone, hsc70, can triage cytosolic
proteins to all of them. hsc70 binds exposed hydrophobic
residues in misfolded or aggregated proteins in the macro-
autophagy variant known as chaperone-assisted selective
autophagy (7). This is in clear contrast to the sequence-medi-
ated targeting of proteins by hsc70 to CMA or a selective form
of microautophagy, endosomal-microautophagy (eMI) (8).
Here, we review these two forms of sequence-specific hsc70-
mediated selective autophagy describing their substrates,
molecular effectors and regulators, and the intracellular com-
partments where they occur.

Chaperone-mediated autophagy

General description

CMA is a selective form of autophagy with distinctive mech-
anisms for cargo recognition and internalization into the lyso-
somal lumen (5). Only proteins amenable to unfolding can be
internalized in lysosomes by CMA through a mechanism with
resemblance to protein transport systems into other organelles
such as mitochondria or ER (5).

CMA starts with binding of hsc70 (9) to a consensus penta-
peptide motif in the substrate protein (6). hsc70 targets these
proteins to the lysosomal membrane, and after binding to the
cytosolic tail of LAMP2A (lysosome-associated membrane pro-
tein type 2A) (10), the substrate proteins are unfolded (11) and
translocated one-by-one into the lysosomal lumen (Fig. 2).
Transport through the membrane requires multimerization of
LAMP2A into the CMA translocation complex (12) and a form
of the hsc70 resident in the lysosomal lumen required to com-
plete substrate translocation (13, 14). The substrates are then
rapidly degraded in the lysosomal lumen.

Although effectors of other forms of autophagy are con-
served from yeast to mammals, LAMP2A, the essential CMA
component (10), appears late in evolution. LAMP2A is a spliced
variant of the lamp2 gene, absent in yeast, fungi, and worms
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(15). A gene with homology to the mammalian lamp2 gene has
been identified in Drosophila but with a C terminus homo-
logous to LAMP2C, but there is no evidence of splicing. In
zebrafish, the two lamp2 variants described show higher
homology to the mammalian LAMP2B and -2C variants. The
LAMP2A exon has so far been described only in birds and
mammals (15).

CMA, as the other components of the cellular proteostasis
networks (16), does not function in isolation. Blockage of CMA
in vitro and in vivo is compensated for by up-regulation of mac-
roautophagy and of the proteasome system in most cell types
(17, 18). Conversely, cells respond to inhibition of macroau-
tophagy or the proteasome by constitutively activating CMA
(19 –22). In most cases, compensation ensures the maintenance

Figure 1. CMA and eMI in the context of mammalian autophagic pathways. In macroautophagy, cargo (proteins and organelles) sequestered inside
autophagosomes in bulk (non selective macroautophagy) or selectively (left) is then delivered to lysosomes through autophagosome/lysosome fusion. In CMA
all cargo (proteins) are selectively delivered to lysosomes upon recognition by hsc70 and targeting and binding to the lysosomal membrane protein LAMP2A.
Microautophagy requires invagination of the lysosomal membrane to degrade cytosolic material. Proteins and organelles can also be targeted to late
endosomes for degradation in mammals through what is known as endosomal microautophagy. Whether mammalian cells are able to directly invaginate the
lysosomal membrane to trap cytosolic cargo, as described in yeast, remains unknown (??). CASA, chaperone-assisted selective autophagy.

Figure 2. Steps and lysosomal membrane components of CMA. Proteins degraded through CMA are recognized by hsc70 in the cytosol (step 1) and are
targeted to the lysosomal membrane where they bind to LAMP2A (step 2). Substrate binding triggers multimerization of LAMP2A (step 3) to form the complex
that mediates substrate translocation (step 4). hsp90 stabilizes LAMP2A through this transition, and luminal hsc70 assists with the internalization of the
substrate that then is rapidly degraded by lysosomal proteases (step 5). The stability of LAMP2A in the translocation complex is regulated by the depicted
subset of proteins. Once substrate translocate, LAMP2A, dissociates into monomers (step 6). Changes in the turnover of LAMP2A at the lysosomal membrane
also contribute to modulate CMA activity (step 7).
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of cellular quality control and the energetic balance under basal
conditions (17–19). However, these systems are not redundant,
and upon persistent loss, compensation is no longer possible
(17, 19). For example, CMA is up-regulated in cells of Hunting-
ton’s disease patients to compensate for macroautophagy mal-
functioning (23). However, this continuous overloading of
CMA accelerates the normally occurring decline of CMA with
age and contributes to accumulation of pathogenic huntingtin
and other prone-to-aggregate proteins (23).

Characteristics of the proteome amenable for CMA
degradation

All proteins degraded by CMA contain a pentapeptide-tar-
geting motif and can completely unfold (24). Cytosolic origin
was considered a characteristic of all CMA substrates but,
recent studies, support that proteins from other compartments
(i.e. nucleus or mitochondria) can also be degraded by CMA if
they access the cytosol (18, 25).

The need for substrate unfolding is imposed by the translo-
cation complex. Studies using an artificial CMA substrate
unable to unfold demonstrated that unfolding is not required
for lysosomal binding, but it is absolutely necessary for lyso-
somal translocation (11). Protein aggregates, irreversible oligo-
mers (26 –28), and proteins part of multiprotein complexes can
only be degraded by CMA after disassembly and complete
unfolding (29).

The pentapeptide-targeting motif in CMA substrates is nec-
essary for their identification by hsc70 and sufficient for their
lysosomal targeting (6). In fact, insertion of the motif in fluores-
cent proteins leads to their lysosomal degradation via CMA and
are used as reporters of CMA activity (21). The motif is defined
as KFERQ-like and is based on specific biochemical and physi-
cal properties of its constituent amino acids (24). Early experi-
mental studies demonstrated that hsc70 binds to targeting
motifs that contain one or two of the positively charged amino
acids lysine (K) or arginine (R), one or two of the hydrophobic
amino acids, phenylalanine (F), valine (V), leucine (L) or isoleu-
cine (I), and one of the two negatively charged amino acids,
aspartic acid (D) or glutamic acid (E), flanked by a glutamine
(Q) on either side of this pentapeptide (6, 24).

Approximately, 40% of proteins in mammalian proteomes
contain this KFERQ-like motif making them amenable for
CMA once it is exposed (i.e. by unfolding, dissociation from
other proteins, or from membranes) and accessible to hsc70
(24). The number of potential CMA substrates is estimated to
be even higher, as new motifs can be generated by post-trans-
lational modifications such as phosphorylation (that contrib-
utes the negative charge) or acetylation of a lysine (that behaves
as a glutamine) (30 –33).

The presence of a KFERQ-like motif is required to classify a
protein as bona fide CMA substrate, but as described below, it is
no longer sufficient because the same motif is also used by
hsc70 to target cytosolic proteins to late endosomes via eMI (8).
Hence, validation of proteins as CMA substrates requires
experimental validation (5, 34).The list of experimentally vali-
dated CMA substrates continues to grow and includes a broad
variety of proteins involved in diverse cellular processes such as
glycolytic enzymes (18, 30, 35, 36), lipogenic enzymes (18), lipid

droplet structural proteins (32), RNA-modifying enzymes (37),
proteins involved in calcium biology (38, 39), transcription fac-
tors and their regulators (40 –42), cell cycle regulators (25),
ubiquitin–proteasome components (43), proteins involved in
immune function (39, 44), and in cell survival/cell death deci-
sions (45–48), as well as a subset of proteins that contribute to
the pathogenesis of known neurodegenerative disorders (23,
26 –28, 43, 49 –51).

Specific lysosomes dedicated to CMA

Even though the LAMP2A receptor is present in all types of
lysosomes, not all lysosomes can perform CMA. The presence
of hsc70 in lysosomes defines their CMA capabilities (14). The
abundance of CMA-competent lysosomes (enriched on hsc70)
fluctuates depending on the CMA requirements. During high
CMA activity demand (i.e. sustained periods of starvation (14)
and mild oxidative stress (52)), the number of CMA-competent
lysosomes increases at the expense of a reduction in the number
of other types of lysosomes (53). A similar lysosomal switch
occurs during aging, when the number of LAMP2A molecules
per lysosome decreases and cells compensate for this loss by
increasing the percentage of lysosomes containing hsc70 (54).

Experimental introduction of hsc70 in the lumen of CMA-
incompetent lysosomes is sufficient to make them capable to
perform CMA (14), suggesting that CMA-inactive lysosomes
contain the rest of the CMA machinery. Despite their higher
efficiency for CMA, these lysosomes can still engage in the
other autophagic pathways. For example, CMA-active lyso-
somes can fuse with autophagosomes, albeit with lower effi-
ciency (55).

Lysosomal and cytosolic hsc70 originate from the same gene,
but they present different electrophoretic properties in support
of compartment-specific post-translational modifications (13).
The exact mechanism by which hsc70 reaches lysosomes is
unknown. Neither blockage of macroautophagy (20) or CMA
(56) reduced the content of hsc70 in lysosomes. The abundance
of hsc70 in late endosomes (8) makes attractive the idea that
endosome/lysosome fusion may contribute hsc70 to the lyso-
somal lumen. The resistance of hsc70 to degradation is only
maintained at a very acidic pH and small increases in lysosomal
pH render lysosomal hsc70 unstable (14). It is possible that
fluctuations in lysosomal pH determine changes in hsc70 con-
formation and lead to its rapid degradation.

The relatively small fraction of total intracellular hsc70 pres-
ent in lysosomes has made it difficult to study. The proposed
contribution of luminal hsc70 to substrate translocation is
based on the fact that lysosomes lacking luminal hsc70 can bind
CMA substrates, but do not internalize them, and that blockage
of luminal hsc70 with antibodies against hsc70 internalized by
endocytosis abolished CMA degradation (13).

Key CMA components: lysosomal chaperones and LAMP2A

Both cytosolic and lysosomal hsc70 are indispensable for
CMA. A subset of co-chaperones, including Hsp90, Hsp40, the
Hsp70 –Hsp90-organizing protein (Hop), the Hsp70-interact-
ing protein (Hip), and the Bcl2-associated athanogene 1 protein
(BAG-1) associate to the complex hsc70/KFERQ-containing
proteins (57), although the specific contribution of each of
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them to CMA remains unknown. Their many other cellular
functions make the phenotypes resulting from their genetic
knockdown difficult to interpret and of little use for under-
standing their role in CMA. Incubation of isolated lysosomes
with blocking antibodies against hsc70 co-chaperones present
at the lysosomal surface reduces substrate translocation sug-
gesting that they could play a dual function by assisting hsc70 in
substrate targeting and in their unfolding at the lysosomal
membrane (Fig. 2) (57). hsc70 also participates in a later CMA
step when it actively mediates disassembly of LAMP2A from
the CMA translocation complex (12). The coordination and
switch between these distinctive functions of hsc70 in different
steps of CMA remain poorly studied.

Another key player in CMA is the membrane protein
LAMP2A, required for both substrate binding and transloca-
tion (10, 12). Binding to LAMP2A is the rate-limiting step of
CMA, and therefore, changes in the levels of LAMP2A at the
lysosomal membrane up-regulate or down-regulate CMA (58).
The lysosomal content of LAMP2A depends on its rates of de
novo synthesis, efficiency of lysosomal trafficking, and changes
in its half-life once in lysosomes. For example, LAMP2A syn-
thesis increases during CMA activation by oxidative stress (52)
or during T cell activation (39). The increase in lysosomal levels
of LAMP2A during starvation is attained through a decrease in
its degradation at the lysosomal membrane (58, 59) and reloca-
tion of LAMP2A present in the lysosomal lumen toward the
membrane (58). Sub-compartmentalization of LAMP2A at the
lysosomal membrane is responsible for its dynamic regulation.
Under resting conditions, LAMP2A is periodically sequestered
into lipid microdomains for cleavage by cathepsin A that initi-
ates its membrane release and rapid degradation in the lumen
(60). Upon CMA activation, LAMP2A is actively excluded from
these microdomains (60). Recent studies have shown that
defective targeting of LAMP2A from the Golgi to lysosomes is
behind the low efficiency of CMA in the lysosomal storage dis-
ease cystinosis (61, 62). These findings highlight LAMP2A traf-
ficking as a possible additional mechanism for regulation of
CMA activity.

Binding of CMA substrates to LAMP2A occurs through its
short (12 amino acids) cytosolic tail. Blockage of this region
with specific antibodies, addition of a 12-residue peptide with
the same amino acid composition, or swapping of this cytosolic
tail with the one present in LAMP2B or LAMP2C reduce CMA
(10, 63). Four positively charged residues, only present in the
LAMP2A tail but not in B or C, are necessary for substrate
binding (63).

Substrate binding to LAMP2A triggers the multistep transi-
tion of monomeric forms of LAMP2A into multimers (64) and
their final assembly with other proteins into a translocation
complex of about 700 kDa (Fig. 2) (12). Formation of this com-
plex is transient and dynamic, as it disassembles once the sub-
strate is translocated into the lysosome (12, 65). Continuous
cycles of assembly and disassembly of LAMP2A may occur
because substrates can only bind monomeric LAMP2A and can
only be transported into the lumen when LAMP2A is in the
translocation complex (12).

A second chaperone implicated in CMA is the lysosomal
hsp90, which localizes both at the cytosolic and luminal sides of

the lysosomal membrane. The latter helps to stabilize LAMP2A
as it transitions through the different stages of multimerization
(12).

CMA regulation

CMA is under regulatory mechanisms self-contained in the
lysosomal compartment (65). Cleavage by cathepsin A deter-
mines the stability of monomeric LAMP2A (60), whereas the
stability of the multimeric LAMP2A complex is regulated in a
GTP-dependent manner by two proteins: GFAP (glial fibrillary
acidic protein) and EF1� (elongation factor 1�) (65). GFAP
associates transiently with multimeric LAMP2A and prevents
hsc70-mediated disassociation of this complex (Fig. 2). A phos-
phorylated variant of GFAP is also present at the lysosomal
membrane but is bound to EF1�, which makes it inaccessible
for binding to other proteins. In the presence of GTP, EF1� is
released from the lysosomal membrane, and unmodified GFAP
moves from the multimeric complex to bind the exposed phos-
pho-GFAP (65). This results in disassembly of LAMP2A from
the CMA translocation complex and its return to the mono-
meric state (65).

Phosphorylation of lysosomal GFAP is performed by Akt1
under the control of the mechanistic target of rapamycin com-
plex 2 (mTORC2), both at the lysosomal membrane (31).
mTORC1, shown to negatively regulate macroautophagy, is
present in all type of lysosomes, including CMA-competent
lysosomes, but modulation of mTORC1 with drugs such as
rapamycin does not affect CMA activity (21). In contrast,
mTORC2 and its effector kinase Akt1 are almost exclusively
detected in CMA-competent lysosomes where they negatively
regulate assembly of LAMP2A into the CMA translocation
complex (31). When CMA activation is needed, the phospha-
tase PHLPP1 (pleckstrin homology domain and leucine-rich
repeat protein phosphatase 1), responsible for dephosphorylat-
ing Akt1, is recruited to lysosomes and stabilized at the mem-
brane by the GTPase Rac1 (31). Reduced Akt1 activity increases
the pool of non-phosphorylated GFAP thus favoring formation
of the CMA translocation complex (Fig. 2).

Besides the lysosomal regulation of CMA, signaling through
the nuclear receptor retinoic acid receptor � (RAR�) (66) and
the calcineurin–nuclear factor of activated T cells (NFAT)
pathway (39) also regulate CMA. Genetic knockdown of RAR�
activates CMA in a transcription-dependent manner, suggest-
ing that this nuclear receptor is an endogenous inhibitor of the
subset of genes required for CMA (66). In T cells, CMA is acti-
vated upon engagement of the T cell receptor (TCR) that
through generation of mitochondrial ROS promotes nuclear
translocation of NFAT1 and its binding to the lamp2 promoter
(39). Inhibition of calcineurin (activator of NFAT) or blockage
of ROS production prevents CMA activation in this context.

Physiological relevance of CMA

CMA activity is detectable at basal conditions in most cells,
but maximal activation occurs during stress such as nutrient
deprivation (53, 67), mild-oxidative stress (52, 68), exposure to
genotoxic or proteotoxic stressors (25, 69), hypoxia (70, 71),
and lipid overload (Fig. 3) (32, 72).
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In most cells, CMA is up-regulated after periods of nutrient
deprivation of 10 h or longer (17, 53) following the earlier
macroautophagy response to starvation. Although macroau-
tophagy switches from proteins to lipid (lipophagy) after 4 – 6 h
of starvation (73), CMA activation persists past 3 days of star-
vation (53) becoming a source of recycled amino acids for pro-
tein synthesis (74). Part of these amino acids may also be used as
cellular fueling, because cells with compromised CMA have
reduced ATP levels (17, 75) and restoration of normal CMA
activity in the livers of old mice increases their ATP content
(76). Recent studies support that CMA may modulate cellular
energetics through mechanisms other than mere amino acid
recycling. Mice with selective knockout of LAMP2A in hepato-
cytes display defective handling of glucose and lipids due to loss
of their ability to regulate levels of key metabolic enzymes that
are usually turned over by CMA when their activity needs to be
suppressed (18).

CMA also participates in protein quality control through
selective removal of altered or damaged proteins (Fig. 3). Up-
regulation of CMA upon mild oxidative stress facilitates degra-
dation of oxidized proteins (52) that otherwise will aggregate
and persist as intracellular protein inclusions (17). This
explains why CMA blockage associates with an increase in
intracellular protein aggregates (17, 56) and why old mice with
preserved CMA activity show reduction in the age-dependent
increase in aggregate-oxidized proteins (76).

The ability of CMA to selectively degrade intracellular pro-
teins confers it specialized functions such as regulation of tran-
scription by degradation of several transcription factors or con-
trol of cell cycle progression through degradation of cell cycle
arrest proteins. CMA contributes to regulation of neuronal sur-
vival by degrading inactive forms of the transcription factor
MEF2D (myocyte enhancer factor D) (45), of NF�B-mediated

transcription via I�B� degradation (41), and of kidney growth
through regulation of transcription factor Pax2 (42). The role of
CMA in T cell activation is a result of its ability to timely
degrade the negative regulators of T cell activation Itch and
RCAN1 (39). Contribution of CMA to the immune response
through the presentation of antigens in macrophages has also
been described (Fig. 3) (77).

Interestingly, the contribution of CMA to protein quality
control is compensated for by activation of macroautophagy
and proteasome (18), but CMA regulatory functions of CMA
are not absorbed by these other systems (39). These findings
further supporting that autophagic pathways are not redundant
and that each participates in specific cellular functions depend-
ing on their timing of activation and on substrate selectivity.

Endosomal microautophagy

General description

The concept that the lysosomal membrane invaginates to
trap cytosolic components for degradation was proposed in the
very early days of the discovery of autophagy. This process,
termed microautophagy (4), was first studied in liver (78). Later
studies described that yeast use a similar process for the seques-
tration and degradation of peroxisomes when switched to glu-
cose as a source of energy (79) and lead to the discovery that
some of the genes required for peroxisome microautophagy
(GSA genes) (80) were shared with macroautophagy (81).
Reconstitution of yeast microautophagy in vitro with isolated
vacuoles (82) has allowed us to further identify the molecular
machinery involved in this process (83).

The term microautophagy has been reserved for degradation
of intracellular proteins and organelles directly engulfed by
lysosomes or the vacuole (in yeast) (3). This degradation has

Figure 3. Physiology of CMA. CMA participates in cellular quality control. CMA participates in (A) cellular quality control through the removal of damaged or
abnormal proteins and in (B) cellular metabolism and energetics through recycling of the amino acids of the degraded proteins and by selectively degrading
rate-limiting enzymes of lipid and glucose metabolism. C, timely degradation of specific proteins through CMA confers this pathway’s regulatory function in
multiple cellular processes. Some of these processes and the CMA substrates involved in these pathways are depicted.
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now proven able to discriminate cargo, giving rise to terms such
as micropexophagy (for peroxisomes) (79, 80), micromi-
tophagy (for mitochondria) (84), or microlipophagy (for lipid
droplets) (85). Even portions of the nucleus can undergo degra-
dation through this invagination-mediated process (piecemeal
microautophagy) (86). Selectivity of yeast microautophagy has
been further supported by the discovery of specific cargo recep-
tors, such as Nvj1p in piecemeal microautophagy (87).

The study of mammalian microautophagy has been slower
because of the inability to detect an invagination-like process in
secondary lysosomes and the fact that essential genes for yeast
microautophagy have no conserved function in mammals. Rel-
atively recent studies demonstrated that a degradative process
of similar characteristics to yeast microautophagy occurs in
mammals and in late endosomes/multivesicular bodies (LE/
MVB) instead of lysosomes (8). This process, termed eMI, con-
tributes to in bulk degradation of proteins present in cytosol
trapped in vesicles forming at the LE membrane. However,
some cytosolic proteins can also be selectively degraded by eMI
after hsc70 binds in their sequence to the same pentapeptide
motif previously described for CMA (Fig. 4) (8). hsc70 is not
necessary for cargo targeting to microautophagy in yeast, but
recent studies support the occurrence of hsc70-mediated eMI
in Drosophila (88, 89). Below, we describe this type of hsc70-
dependent eMI in the context of other types of microautophagy
and in comparison with CMA (Fig. 5).

eMI substrates

Mammalian eMI originated from studies attempting to char-
acterize the contribution of autophagic pathways to antigen

presentation in dendritic cells. Analysis of LE/MVB, where
cytosolic antigens are processed for presentation, revealed that
arrival of some cytosolic proteins persisted even upon genetic
blockage of macroautophagy or CMA (8). However, blockage of
components of the ESCRT complex I, required for MVB for-
mation, abrogated trafficking of these cytosolic proteins into
endosomes. Interestingly, most of the cytosolic proteins inter-
nalized through this ESCRT-dependent process underwent full
degradation instead of limited cleavage for antigen presenta-
tion, thus fulfilling the criteria of an autophagic pathway (8). In
fact, studies in other cell types and organs (i.e. liver and brain)
confirmed that non-immunological cells also display this form
of autophagy (8, 90) that has been named eMI to highlight its
cellular localization.

Comparative proteomic analysis of MVB in cells with func-
tional or disrupted ESCRT identified the pool of proteins usu-
ally degraded by eMI and confirmed the cytosolic origin of most
of them (8). Some of these proteins were present in the vesicles
at a similar ratio as in the cytosol, suggesting in bulk internal-
ization. However, hsc70 and proteins bearing the KFERQ-like
motif, previously associated only with CMA, were highly
enriched in the vesicles (8). In vitro studies reconstituting eMI
with isolated LE confirmed that proteins such as GAPDH or
RNase A, classic examples of CMA substrates, can also be inter-
nalized in an hsc70- and ESCRT-dependent manner by eMI
and that mutations in the KFERQ-like motif disrupt their tar-
geting (8). In fact, an early proposed reporter for CMA activity
based on fluorescent tagging of GAPDH has now been shown to
undergo degradation by both pathways, thus limiting its usabil-

Figure 4. Mammalian endosomal microautophagy. Left, cytosolic proteins can be sequestered along with other cytosolic components by the invaginations
that form in the surface of the endosomal membrane through the coordinated function of ESCRT (VPS4A/B and TSG101) and accessory proteins (Alix). Right,
selective targeting to late endosomes of proteins bearing a KFERQ-like motif is mediated by hsc70. Upon cargo binding, hsc70 interacts directly with phos-
phatidylserine (PS) moieties of the endosomal membrane and is internalized along with the substrate in ESCRT-mediated microvesicles. Part of the internalized
vesicles undergoes degradation in the endosomal lumen.
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ity to differentiate between them (91). Endogenous proteins
such as Tau, a cytoskeletal protein associated with neurodegen-
eration, also undergo simultaneous degradation by both eMI
and CMA (90). The fact that pathogenic mutations in Tau
switch the percentage of the protein degraded by each of these
pathways (90) suggests that intrinsic properties of the protein
(i.e. mutations, post-translational modifications, oligomeric
state, etc.) may be responsible for the autophagic switch of the
substrate.

Despite sharing the KFERQ-like motif, CMA and eMI sub-
strates are not fully overlapping. KFERQ-like motif-bearing
proteins in a state of semi-aggregation, organized into higher
molecular weight complexes or unable to unfold, cannot by
degraded by CMA but are still amenable for eMI degradation.
Thus, similar experiments to the ones that showed that pro-
teins unable to unfold cannot undergo degradation by CMA
(11) support that unfolding of cytosolic KFERQ-like bearing
proteins is not a requirement for their association with late
endosomes (8). Furthermore, contrary to CMA where the pres-
ence of the KFERQ-like targeting motif is necessary and suffi-
cient for hsc70-mediated lysosomal targeting, adding a
KFERQ-like motif is not sufficient for targeting of proteins
through mammalian eMI. For example, the CMA reporter with
a KFERQ-like sequence added to photo-switchable proteins is
only targeted to CMA-competent lysosomes but not to endo-
somes (21), suggesting that the motif is necessary but not suffi-
cient for mammalian eMI. As more eMI substrates become
validated, identification of protein sequence or structure

requirements for eMI targeting should become possible. In this
respect, recent studies in Drosophila have demonstrated that a
subset of synaptic proteins is turned over selectively by eMI
(88). Interestingly, the requirements for Drosophila eMI are
different, and addition of the KFERQ motif to a fluorescent
protein is sufficient for its targeting through this pathway (89).
Co-existence of CMA and eMI in mammals but not in Drosoph-
ila could have forced the need of a second requirement in mam-
mals. Fig. 5 summarizes the main differences described so far
between CMA and eMI and the experimental steps currently
recommended to differentiate substrates for each of these
pathways.

Late endosomes: Hosts for eMI

LEs are the point of entry of cytosolic proteins for eMI as
their membrane contains a dedicated machinery (the ESCRT
proteins) for invagination, formation of MVB, and their exci-
sion for release into the endosomal lumen. This process of LE
membrane microvesiculation has been well-characterized in
the context of degradation of membrane proteins internalized
by endocytosis and in the extracellular release of cytosolic
material in the form of exosomes. Components of the ESCRT
complex I (i.e. TSG101), II (VPS25), and III (VPS32) and two of
the accessory proteins, VPS4 and Alix, have been proven nec-
essary for eMI (Fig. 4) (8, 89). Whether the full ESCRT machin-
ery is required for eMI or whether biogenesis and properties of
MVB for eMI differ from those utilized in membrane protein
recycling is still unknown. Similarly, it is not clear whether deg-

Figure 5. Similarities and differences between CMA and eMI and assays to monitor protein degradation through them. A, summary of common and
distinctive characteristics between CMA and eMI identified to date. B, recommended experimental approach to follow to discriminate involvement of CMA or
eMI in the degradation of a protein. Blue boxes, methods; gray boxes, observed results.
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radation of plasma membrane proteins and eMI occur in the
same type of late endosomes, or whether, as in the case of CMA,
there is a specific subpopulation of LE dedicated to eMI.

Studies in vitro support that some eMI substrates undergo
degradation in LE (i.e. Tau (90)), whereas other proteins (i.e.
GAPDH) are internalized in LE, but their degradation is mark-
edly less efficient than in lysosomes (8, 90). It is possible that in
these cases most of the degradation occurs by endosomal/lyso-
somal fusion. Studies in Drosophila support this final degrada-
tion of eMI cargo in lysosomes, because an artificial eMI
fluorescent substrate can be detected in LAMP1-positive
compartments that lack endosome markers (89).

It is important to clarify that the process of eMI is different
from the process of loading MVB for release as exosomes.
Although both processes share ESCRT components for the
loading of cytosolic proteins in MVB, the fate of the cargo is
different. Thus, the term eMI should be limited for cytosolic
proteins loaded in MVB that undergo degradation in this com-
partment or upon lysosomal fusion, whereas MVB loading for
extracellular release of cytosolic proteins inside exosomes is a
type of exocytosis and not a type of autophagy.

Molecular machinery of eMI

Although not required for all forms of microautophagy,
hsc70 is the component that defines the type of selective eMI
described in this Minireview. Upon binding the eMI substrate
proteins through their KFERQ-like motif, hsc70 targets them to
LE (8). The co-chaperone Sgt modulates the switch between the
chaperone and eMI functions of hsc70 in Drosophila (88). How-
ever, the determinants of cargo triage between CMA and eMI
remain unknown. During eMI, hsc70 binds directly to LE mem-
branes, but despite their abundance on LAMP2A, hsc70 binds
directly instead to phosphatidylserine (PS) at the LE membrane
through a stretch of 4 –5 lysine residues in the C terminus of the
hsc70 LID domain (Fig. 4) (8). Mutations in this region have
also revealed that PS binding is required to trigger cargo inter-
nalization (92). The role of hsc70 in eMI substrate internaliza-
tion may be mediated by its ability to deform membranes
through oligomerization (88). Whether hsc70 piggybacks in
forming MVB or whether it actively triggers their formation is
still unknown. Different from CMA, where after transferring
the substrate to LAMP2A hsc70 is released back to the cytosol,
in the case of eMI, hsc70 undergoes internalization and degra-
dation with the cargo protein (8).

Several protein complexes have been implicated in other
forms of microautophagy. For example, clathrin and a family of
ER proteins (class E VPS) are necessary for yeast microlipo-
phagy (93, 94), the family of proteins Niemann-Pick type C and
the phosphoinositide-binding protein Ivy1 for the formation of
membrane invaginations in yeast microautophagy (95, 96), and
specific cargo-recognizing proteins contribute to micro-
pexophagy, micromitophagy, and piecemeal microautophagy
of the nucleus (84, 85, 87). However, the lack of systematic
studies makes it difficult to sort out which molecular players are
common to all microautophagy processes and which ones are
process-specific. Similarly, the involvement of macroau-
tophagy proteins (Atg) in microautophagy seems to depend on
the type of microautophagy. Thus, yeast microlipophagy occurs

independent of Atgs, whereas Drosophila eMI requires Atg1
and Atg13 (89).

eMI regulation

Activation of mammalian eMI has not been observed late
upon starvation (8), in clear contrast with Drosophila eMI,
which is maximally activated after starvation exceeding 24 h
(89). This responsiveness of eMI to starvation in flies has led us
to propose that eMI functions could have split late in evolution
between eMI and CMA. The fact that Atg1 and Atg13, required
for Drosophila eMI, act downstream of TOR suggests that this
major nutrient sensor may be behind the starvation-induced
activation of eMI. TOR and EGO also regulate yeast microau-
tophagy (97) and microlipophagy (96), and 5�-AMP-activated
protein kinase and Atg14 have also been implicated in the acti-
vation of microlipophagy (85).

Cytosolic hsc70 is a very abundant protein whose levels
remain rather constant making it unlikely that changes in hsc70
levels are physiologically used to regulate eMI. Vesicle forma-
tion is the limiting step of microautophagy in yeast (82) and that
also seems to be the case in eMI (92). It is thus more likely that
changes in levels and dynamics of the assembly of ESCRT pro-
teins may contribute to eMI regulation. It is also possible that
availability of specific nutrients may contribute to modulate
eMI through direct changes in the lipid composition of the late
endosomal membrane, for example by expanding the raft-like
membrane regions as recently described in yeast (95).

Physiological functions of eMI

Cellular functions of eMI remain for the most part unknown.
A role for eMI in protein quality control has been proposed in
light of its constitutive nature and the accumulation of oxidized
proteins (most of them bearing KFERQ-like motifs) in MVB
from old animals (98). Failure to timely eliminate these oxidized
products in the dendritic cells of old mice negatively impacts
LE and antigen processing and presentation with age. Yeast
microautophagy contributes to quality control of intracellular
membranes (99).

Selective targeting of proteins through eMI makes possible a
regulatory effect of eMI on specific cellular processes by con-
trolling intracellular levels of their limiting proteins. In this
respect, blockage of eMI in Drosophila slows down neurotrans-
mission by altering degradation of specific synaptic proteins
(88). Active search for eMI substrates will help in gaining an
understanding of the physiological relevance of this pathway.

Concluding remarks and pending questions

The landscape of selective autophagy has undergone major
changes in recent years. Although CMA initially pioneered the
concept of selectivity in lysosomal degradation, nowadays some
level of selectivity in the cargo degraded has been described for
almost every type of autophagy. As the molecular determinants
of each pathway become known, it should become easier to
understand the differences among these autophagic processes
and their specific physiological relevance. The fact that the two
different pathways described in this Minireview share not only
the same chaperone but even the specific way in which hsc70
binds to the cargo highlights the level of cross-talk among dif-
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ferent autophagic pathways and the existence of the mecha-
nism in place, whereby substrates of a pathway can be easily
rerouted to another pathway. However, the different dynamics
and timing of activation of CMA and eMI make it impossible to
compensate for specific regulatory functions of each of these
pathways and result in functional phenotypes. Many open
questions remain about the molecular mechanisms behind
CMA and more so about eMI, their regulation and bases of their
cross-communication with other pathways, and how hsc70 tri-
ages substrates between CMA and eMI. Further understanding
of which intrinsic properties of the substrate proteins contrib-
ute to the hsc70-mediated triage will also help to complete this
picture.
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As outlined in the accompanying Minireviews, autophagy is a
complicated and highly regulated process that delivers cellular
material to lysosomes for degrading, recycling, and generating
molecules that fuel cellular metabolism. Autophagy is impor-
tant for normal cellular and organismal physiology, and both
increased and decreased autophagy has been associated with
disease. Importantly, these connections are already being
exploited to treat patients with dozens of clinical trials that
aim to manipulate autophagy to treat (or prevent) disease.
This Minireview discusses some of the important issues and
problems to be solved if these efforts are to be successful.

The award of a Nobel Prize to Professor Y. Ohsumi in 2016
for his work on understanding the mechanisms of autophagy
emphasizes the increasing recognition of this process. Profes-
sor Ohsumi’s detailed mechanistic work was largely carried out
in yeast, but the Nobel Prize was awarded for Physiology or
Medicine. This emphasizes the recognition that autophagy in
its various forms (but especially macroautophagy, which is the
most studied type of autophagy and the one that will be consid-
ered here) is closely related to disease as well as normal physi-
ology. Indeed, deliberate manipulation of autophagy (both
increasing it and inhibiting it) has been proposed for many dif-
ferent diseases (1–3), and ongoing clinical trials (focused largely
on cancer where autophagy inhibition is being pursued in over
50 clinical trials (4)) mean that hundreds of patients are already
being treated with the intent of manipulating autophagy for
therapeutic benefit. Moreover, many approved drugs that are
used for other purposes can affect autophagy, e.g. in a recent
study using a new autophagy assay about 10% of a diverse
approved drug collection could induce or inhibit autophagy
(5). This means that we may be inadvertently manipulating
autophagy in many patients.

In this Minireview, I discuss some of the issues that must be
addressed if these efforts are to be successful. First, a word of
caution, this Minireview is not intended as a comprehensive
discussion of autophagy’s roles in disease; there are many such
reviews, and the interested reader is encouraged to read those
on autophagy’s roles in specific diseases of interest as well as the
more general ones, for example see Refs. 3, 6 –13.

Issue 1: Autophagy does many things, so is it reasonable
to try to manipulate it to treat a specific disease?

As noted in the accompanying Minireviews, we now have a
quite detailed understanding of how autophagy is regulated by
ATG proteins and a much better understanding of autophagy’s
biological roles. One major conclusion arising from all this
knowledge is the breadth of those roles. Autophagy regulates
many different biological processes during development, nor-
mal physiology, and in response to a wide variety of stresses.
One issue that arises given the broad biological functions for
this process is that attempts to manipulate autophagy thera-
peutically, e.g. to inhibit it, which is being done in dozens of
cancer clinical trials where anti-cancer drugs are being com-
bined with autophagy inhibitors (4), might have unintended
consequences by affecting other biological functions of
autophagy. Will it even be possible to inhibit autophagy without
having unacceptable toxicities due to the inadvertent interfer-
ence with other autophagy functions? Conversely, “healthy”
interventions such as exercise are able to stimulate autophagy and
alleviate disease at least in part via increased autophagy (14).
Indeed, because of its wide ranging effects, autophagy enhance-
ment has been proposed as a strategy to extend healthy aging (15).
Enhancement of autophagy is also being tested in clinical trials, e.g.
in neurodegenerative diseases (16). However, interventions that
stimulate autophagy with the goal of preventing or treating one
disease could have the unintended side effect of promoting other
diseases. For example, a recent study found that dormant tumors
could be reactivated based on whether the surrounding tissue can
undergo autophagy (17).

To understand this issue, consider that autophagy is critical
in protecting against infections by bacteria and viruses and for
protecting cells, especially neurons, from toxicity caused by
aggregated proteins. Autophagy is also critical for regulating
responses to nutrient deprivation. The importance of these
functions of macroautophagy is shown in work where the gene
for an essential autophagy regulator, Atg7, was inducibly
knocked out in adult mice (18). This approach could be consid-
ered an example of what we might expect with a perfect
autophagy inhibitor that affects all cells in the body and directly
targets the autophagy machinery. The effects were dramatic.
Acute systemic ATG7 ablation resulted in all the animals dying,
i.e. macroautophagy is essential for viability of adult mice. Some
mice died within a few days, while the others died after a 2–3-
month period. The first group died due to Streptococcus infec-
tion, consistent with a known role for a specialized form of
autophagy (xenophagy) in eliminating pathogenic Streptococ-
cus from cells (19). The remaining mice all died a few weeks
later due to neurodegeneration. Again, this might have been
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expected based on previous studies (20, 21) where neuron-spe-
cific inactivation of the essential autophagy genes Atg5 or Atg7
resulted in accumulation of polyubiquitinated and aggregated
proteins and the formation of pathogenic inclusion bodies.
Additionally, the Atg7-deleted mice were very sensitive to
nutritional stress so that fasting for 24 h, a stress that wildtype
mice can survive with no problem, was lethal for most of the
animals. Again, this phenotype was what we might have
expected because we know that autophagy is critical for regu-
lating metabolic homeostasis (22, 23). Consistent with this,
autophagy-inhibited mice had defects in mobilizing lipids, gly-
cogen metabolism, and muscle wasting, and the fasted mice
succumbed to hypoglycemia.

So, does this mean that inhibition of autophagy would not
work for cancer therapy because you would kill patients by
affecting their susceptibility to infection, causing neurodegen-
eration, or disrupting metabolism? Karsli-Uzunbas et al. (18)
addressed this question in their inducible knockout mice. They
caused formation of lung tumors using a well-established
model involving loss of TP53 and activation of oncogenic
KRAS. Then, after tumor formation and during the window of
time when the Atg knockout mice are healthy, they blocked
autophagy by knocking out Atg7. The important result was that
the lung tumors regressed. This tells us that although
autophagy was indeed critical for survival of the organism, this
is not necessarily a barrier to getting some therapeutic benefit
from autophagy inhibition. The problem, of course, is that
although cured of cancer all the mice would have died shortly
afterward of neurodegeneration. In a human patient, there
would be little enthusiasm for a treatment that cures cancer but
only at the cost of dying of neurodegeneration a month later.
However, in human patients we will not be able to completely
block autophagy because we would use pharmacological inhib-
itors to block the processes that are not going to be 100% effec-
tive. Also, this process need not be permanent as when we
knock out a gene (drug treatment can be stopped). This seems
to be the case in cancer patients who have been treated with
drugs intended to inhibit autophagy (to date these drugs have
all been using chloroquine or hydroxychloroquine to inhibit the
lysosome); we have seen signs of clinical benefit, and even after
extended periods of treatment on the autophagy inhibitor, no
serious side effects were noted. For example, several patients
where autophagy inhibition was used to reverse acquired re-
sistance to another drug (i.e. a kinase inhibitor), all patients
showed signs of clinical improvement and had limited side
effects that did not include the neuronal effects or the suscep-
tibility to infection that we might have expected based on com-
plete autophagy inhibition in mice (24, 25). Interestingly, side
effects associated with this treatment have been due to the
other drug working better, which is not what we would expect
for autophagy inhibition itself.

The important point here rests on a core principle of phar-
macology: the success or failure of a treatment rests on the
therapeutic index, i.e. the amount of a drug that causes a ther-
apeutic effect compared with the amount that causes toxicity. If
you can find a dose that has a therapeutic benefit while not
being unacceptably toxic, the drug can be effective. The likely
reason the strategy works in the Atg7 knockout mice is that the

tumor cells are more dependent on autophagy than other tis-
sues, including the brain, and this creates a window of time
when we can obtain the death of tumor cells but little death of
neurons. In human patients who have been on chloroquine for
extended periods of time, the likely reason the strategy works is
that the tumor cells are more sensitive to autophagy inhibition
so that even incomplete inhibition of autophagy can cause
tumor cell death without adversely affecting normal tissues.
Additionally, in treating patients with pharmacological autophagy
inhibitors, we have the option of taking the treatment away to
allow recovery from the toxic side effects. Therefore, even
though autophagy does many things, this is not an insurmount-
able barrier to using autophagy modulation as a therapeutic.
The goals are for beneficial effects to outweigh toxicities and to
have a good understanding of the biological roles of autophagy
so that we can know what to look for in regard to the unwanted
effects of interference with the process.

Issue 2: Autophagy can have competing effects even in
the same disease

Many commentaries and reviews about autophagy and its
functions use terms like “double-edged sword” as a metaphor
for the fact that autophagy often has opposing effects on the
same biological response (26). This idea is well developed in
cancer where it is believed that autophagy can protect against
the development of cancer, but in an established tumor it can
support cancer progression (8, 27). Autophagy has also been
reported to be necessary for replication of some infectious
organisms while suppressing replication of others (7).

Even at the level of the cell, autophagy can have opposing
effects. Autophagy has been widely studied in cell death (28)
and is often thought of as a cell-survival mechanism. Con-
versely, autophagy can induce programmed cell death, e.g. a
form of death called autosis (29). Autophagy has even been
shown to specifically promote or inhibit apoptosis in the same
cell population in response to two very similar stimuli, death
receptor agonists Fas ligand/CD95 and tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)2 (30). If autophagy
can promote completely opposite effects by two stimuli that
work through almost identical signaling pathways and do so
even in the same population of cells, how can we ever hope to
know when we should aim to increase or decrease autophagy if
we care about cell death? The answer is to understand the
molecular mechanisms that are at play. In the case of the com-
peting effects of autophagy on apoptosis induction by the two
death ligands, selective autophagic turnover of a negative reg-
ulator of apoptosis that affects the receptor for FasL but not the
TRAIL receptor explained why FasL-induced apoptosis was
stimulated by autophagy while TRAIL-induced autophagy was
not (30). Conversely, autophagy-mediated down-regulation of
a positive regulator of apoptosis efficiency explained why
autophagy protects against TRAIL (31). Thus, by understand-
ing mechanisms at a molecular level it is possible to make sense

2 The abbreviations used are: TRAIL, tumor necrosis factor-related apoptosis-
inducing ligand; LAP, LC3-associated phagocytosis; mTOR, mechanistic
target of rapamycin.
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of even a completely opposite effect on two very similar signal-
ing pathways working at the same time in the same cell.

Issue 3: Some biological effects when we interfere with
autophagy might not be due to autophagy

The conclusion that autophagy is involved in a disease is
usually based on experiments that involve inhibiting autophagy
and then seeing a change in the disease process of interest. For
example, knockout of an ATG gene in cells or organisms
changes a disease response, and so we infer that autophagy was
important in that response. The problem is that this assumes
that the only role for the targeted ATG is to regulate autophagy.
Unfortunately, all autophagy regulators have autophagy-inde-
pendent effects, too (32). For example, ATG7 also regulates p53
(33); ATG12 regulates apoptosis (34, 35); ATG5 controls mito-
gen-activated protein kinase (MAPK) signaling (36), apoptosis
(37), and mitotic catastrophe (38), and BECN1 controls cytoki-
nesis (39). Such autophagy-independent effects can have
important implications for how we interpret and design our
experiments.

During Mycobacterium tuberculosis infection, bacterial rep-
lication occurs in macrophages in association with autophago-
some-associated proteins (40). Moreover, mice with macro-
phage deletion of the essential autophagy gene Atg5 are
particularly susceptible to tuberculosis infection (41), which
leads to the hypothesis that induction of autophagy would pro-
tect against tuberculosis infection (42). However, more recent
work where several other autophagy regulators (ATG16L1,
ATG12, ATG3, ATG7, and ATG14) were deleted in macro-
phages all failed to show the same sensitization effect as ATG5
(43). This indicates that an autophagy-independent function of
ATG5 is critical for suppressing bacterial replication. This
study highlights the extensive studies (in this case using multi-
ple strains of knockout mice) that might need to be done to
determine whether an effect is due to autophagy or to an
autophagy-independent function of a targeted gene; it is risky to
make conclusions based on targeting just one or two autophagy
regulators.

Other examples where core components of the autophagy
machinery but not autophagy itself are important in disease
include autoimmune diseases such as lupus, which involves an
autophagy-related process called LC3-associated phagocytosis
(LAP) (44). Interestingly, although LAP requires many compo-
nents of the core autophagy machinery, it can be discriminated
from macroautophagy through a distinct function for the
autophagy regulator RUBICON (45). More restricted cases
where several but not all autophagy regulators are necessary for
an effect are also found. For example, certain autophagy regu-
lators, including ULK1, Beclin 1, ATG14L, and VPS34, are
required for the intracellular bacterium Brucella abortus to
replicate in infected cells, but ATG5, ATG7, ATG16L1, and
LC3B are not required (46).

By designing experiments based on a detailed understanding
of the molecular mechanisms by which autophagy regulators
work, it is feasible to discriminate between autophagy-depen-
dent and autophagy-independent effects. A good example is
FIP200, which is required for early steps in autophagy induction
as part of the ULK1 complex (47) where it binds to ATG13.

FIP200 knockout mice are embryonic lethal, but this is due to
autophagy-independent effects as shown by the generation of
a mouse with point mutations in FIP200 that ablate only its
autophagy-dependent functions by disrupting ATG13 binding
without affecting its other roles; these mice have a similar phe-
notype to Atg5 or Atg7 knockout mice (48). In contrast,
FIP200’s ability to regulate autophagy is critical for tumor
growth (48). The moral of the story is that we need to have a
very complete molecular understanding of different functions
that any given regulator has if we hope to really understand how
the disease we are interested in is controlled by the molecules
we are studying.

Similar problems arise with pharmacological inhibitors of
autophagy. A large number of clinical trials are based on the
idea that autophagy inhibition with lysosomal inhibitors like
chloroquine can sensitize tumor cells to other anti-cancer
drugs (4). However, this chemosensitization can occur by
autophagy-independent means that are not mimicked by
genetic inhibition of ATG genes (49). In other cases chemosen-
sitization by chloroquine is mimicked by ATG knockdown and
is thought to be due to the autophagy inhibition (24). The
important point is that to know if autophagy itself is critical
in a disease, one must test the requirement of multiple com-
ponents of the autophagy machinery.

Strategies to enhance autophagy have a similar problem. We
have few, if any, methods to enhance autophagy without also
having other effects. As noted in the Minireview by Delorme-
Axford and Klionsky (72), the regulation of autophagy is com-
plicated, and we have plenty of drugs and other interventions
that can be used to enhance autophagy. Thus, if one inhibits
mTOR, one will usually enhance autophagy, and mTOR inhib-
itors such as rapamycin are widely used for this purpose. Other
agents such as the nutraceutical disaccharide trehalose can
enhance autophagy through mTOR independent means (50),
e.g. by inhibiting glucose transporters and thus treating liver
disease (51). Caloric restriction mimetics, including many rela-
tively non-toxic agents, can induce autophagy (52), and in some
cases they have been reported to have beneficial effects in dis-
ease settings, e.g. by enhancing anti-tumor immunosurveillance
(53). Other presumably even more benign interventions can
also be used such as exercise (54). However, as with autophagy
inhibitors, it is often difficult to determine whether biological
effects are in fact due to autophagy because all these approaches
also have autophagy-independent effects. Experiments can be
designed to try to address this issue. Most commonly, this is
done by stimulating with your autophagy inducer while simul-
taneously inhibiting autophagy by knocking out an essential
ATG and hoping that the effect caused by your inducer goes
away. Although such experiments can show that autophagy was
needed for the biological effect being studied, they usually can-
not completely exclude the possibility that another effect of the
intervention was critical, too.

By understanding the molecular mechanisms that control
autophagy, it may be possible to design more specific inducers.
A model was provided by Levine and co-workers (55), where a
peptide from the autophagy regulator Beclin 1 was used to
induce autophagy. Importantly, these authors were able to
show that a cell-permeable version of their peptide could
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enhance autophagy both in vitro and in vivo and successfully
treat mice following viral infection by enhancing autophagy.
This peptide was identified by understanding how a viral pro-
tein activates autophagy and thus provides another good exam-
ple of how understanding molecular mechanisms can lead to
practically useful ways to approach disease treatment.

Another recent study takes this concept an exciting step fur-
ther (56). As noted above, one confusing and problematic issue
with autophagy manipulation is that we might not want to just
generally activate all possible types of autophagy. Thus, to pro-
tect against neurodegenerative disease caused by aggregated
proteins, it would be optimal to enhance selective autophagy
capable of removing aggregated proteins, but we might not
want to also enhance other forms of autophagy (e.g. mitophagy,
which degrades mitochondria). The paper by Sakamaki et al.
(56) focused on understanding epigenetic regulation of
autophagy and made the interesting finding that the bromodo-
main protein BRD4 is a negative regulator of autophagy. Impor-
tantly, this effect was selective such that BRD4 depletion
enhanced autophagy in some situations but not in others and
could, for example, reduce aggregated proteins with no effect
on mitophagy or xenophagy. This implies that BRD4 inhibitors,
which have been developed for cancer therapy, could be repur-
posed to treat diseases associated with protein aggregation,
although they may not be useful to treat bacterial infections.
This establishes an important precedent–it may be feasible to
design interventions that would not just generally enhance
autophagy but instead would enhance different kinds of selec-
tive autophagy. If feasible to do this pharmacologically, as sug-
gested by working with the BRD4 inhibitor, this should allow
widening of the therapeutic index for autophagy-inducing
drugs.

Issue 4: Will we be able to tell whether we changed
autophagy when we are trying to manipulate the
process for therapeutic purposes?

The practical application of the ideas discussed above is lim-
ited by another major problem. It is difficult enough to reliably
measure autophagy in tissue culture, and it is much harder to
tell whether autophagy has been altered in vivo. It is especially
difficult to do so in a clinical setting where technical tricks that
we might use in the lab, e.g. following the behavior of a fluores-
cent autophagosome-associated protein like LC3B (57), are
impossible. Some of the problem is inherent in the dynamic
nature of the process. As explained in the accompanying Mini-
reviews, the full process of autophagy involves formation of
autophagosomes, fusion with lysosomes, and then degradation
of the cargo along with components of the autophagosome like
LC3. This sometimes causes confusion among inexperienced
autophagy investigators who do not realize that accumulation
of processed LC3 II could either mean that autophagosome
generation was increased (i.e. enhancement of autophagy) or
that autophagosome fusion and degradation was inhibited (i.e.
inhibition of autophagy). In tissue culture experiments we con-
trol for these effects by comparing LC3 II levels with and with-
out lysosome inhibitors (58). Unfortunately, in tissue samples it
is much harder to discriminate between increased, decreased,
or unaltered autophagy.

In the clinical studies with chloroquine-based drugs, differ-
ent methods have been attempted to assess whether autophagy
was indeed blocked (59 –62), also see Levy et al. (4) for discus-
sion of potential markers that are used in current trials. Several
studies have attempted to measure the number of autophago-
somes using immunohistochemistry of proteins such as LC3.
However, although one can measure LC3 foci this way in clin-
ical specimens (63, 64), as noted above it is hard to discriminate
between induced or blocked autophagy with this assay.

Another problem is that levels of autophagy-inhibiting drugs
may be different in the target tissue (e.g. the tumor) and the
blood (65); this means that even if one did reliably measure a
change in autophagy in blood cells, it might not mean that
autophagy was changed in the tissue you care about. Potential
solutions to this problem include the use of surrogate markers
of other activities that are controlled by autophagy and can be
measured in blood. For example, secretion of cytokines and
other molecules can be controlled by autophagy (66 –69), and
the autophagy-regulated secretome has been suggested as a
surrogate that would allow assessment of whether altering
autophagy in a patient has been successful (70).

Conclusions

Although there is plenty of room for improvement, it is
encouraging to see that we have gone from the identification of
the first autophagy-regulating genes (71) to clinical benefits in
patients (25) in just 20 years. Successfully addressing the issues
that I raised will certainly allow us to improve these efforts, but
these can only be answered by better understanding at a molec-
ular level how autophagy works and what it does. This repre-
sents a nice example where basic science that is intended to
develop a detailed mechanistic understanding of a biological
process is critical for the practical application of our knowledge
to treat disease; we will not be able to do worthwhile transla-
tional and clinical studies without a solid underpinning of basic
science. As we develop more detailed understanding of these
processes, it will hopefully become possible to widen therapeu-
tic indices when we are using autophagy-modulating therapies
and to refine our manipulations to target the kind of autophagy
we want to affect and not just all aspects of the autophagy
response. Achieving those goals would be a fitting validation of
the insight that the Nobel Committee demonstrated when they
awarded the Prize for Medicine to Professor Ohsumi for his
basic research discoveries.
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Membrane biology seeks to understand how lipids and pro-
teins within bilayers assemble into large structures such as
organelles and the plasma membranes. Historically, lipids were
thought to merely provide structural support for bilayer for-
mation and membrane protein function. Research has now
revealed that phospholipid metabolism regulates nearly all
cellular processes. Sophisticated techniques helped identify
>10,000 lipid species suggesting that lipids support many bio-
logical processes. Here, we highlight the synthesis of the most
abundant glycerophospholipid classes and their distribution
in organelles. We review vesicular and nonvesicular transport
pathways shuttling lipids between organelles and discuss lipid
regulators of membrane trafficking and second messengers in
eukaryotic cells.

Lipid components of eukaryotic membranes

Glycerophospholipids (GPL),5 sphingolipids, and sterols are
the three major classes of lipids found in eukaryotic mem-
branes. This review will focus primarily on the GPLs, including
the biophysical nature of these molecules, biosynthetic path-

ways and the role of lipases in vesicular transport pathways, and
the generation of critical signaling molecules. Additionally, we
will highlight the distribution of GPLs between various organ-
elles, their transbilayer distribution, and the role of nonvesicu-
lar transport pathways to shuttle lipids between organelles.

Glycerophospholipids

Phosphatidylcholine (PtdCho), phosphatidylethanolamine
(PtdEtn), phosphatidylserine (PtdSer), and phosphatidylinosi-
tol (PtdIns) make up the majority of the glycerol backbone-
containing phospholipids and are prominent components of
most organellar membranes (Fig. 1) (1). Because of their amphi-
philic nature, GPLs are energetically favored to self-assemble to
form a continuous bilayer with the headgroups facing outward
and the hydrophobic tail lining the interior (2). PtdCho is the
most abundant phospholipid in the majority of organelles,
ranging from 41 to 57 mol % of the total GPL (Fig. 1). The
cylindrical shape of PtdCho allows it to spontaneously organize
into planar bilayers, and its propensity to contain at least one
unsaturated fatty acyl chain means that the bilayers possess
significant fluidity at 37 °C (3). PtdEtn is the second most abun-
dant phospholipid in eukaryotic membranes, which comprises
17–38 mol % of total phospholipid (Fig. 1). PtdEtn differs from
PtdCho by the absence of the three methyl groups compared
with the choline moiety (4). As a result, PtdEtn has a smaller
headgroup that results in a more conical shape compared with
PtdCho. Additionally, PtdEtn can arrange as a hexagonal phase,
unlike most other GPLs (5). The addition of the nonbilayer
forming PtdEtn to PtdCho facilitates the generation of sponta-
neous curvature that in the context of the cell is vital for mem-
brane bending and tubulation that is necessary to support the
fission and fusion steps in vesicular transport (6). In mamma-
lian cells, PtdEtn and PtdCho also serve as substrates for the
production of PtdSer via enzyme-mediated base-exchange
reactions (7).

PtdSer is, by comparison, a relatively minor component of
eukaryotic membranes (comprising 1– 6 mol % of total phos-
pholipids) (Fig. 1), and it plays a crucial role in providing a
negative surface charge to membranes due to the acidic nature
of its headgroup (8). PtdSer is enriched in the inner leaflet of the
plasma membrane despite the fact that it is synthesized in the
ER and consumed in the mitochondria (4). A significant frac-
tion of the newly synthesized PtdSer can be transported from
the ER to the mitochondria (28). There it serves as a substrate to
produce a mitochondrial pool of PtdEtn that is essential for
mitochondrial function (29, 30). The mechanism by which Ptd-
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Ser is accumulated in the PM and enriched in the inner leaflet of
the PM is discussed below.

Similarly, PtdIns is also negatively charged, comprising 2–9%
of total phospholipids of organelle membranes (Fig. 1). How-
ever, its arguably more important feature is the fact that the
inositol ring can be phosphorylated on the 3-, 4-, and 5-OH
groups to produce phosphoinositides (discussed below). Fur-
thermore, PtdIns is also used to covalently link peripheral pro-
teins to the outer leaflet of the plasma membrane. Collectively,
these proteins are referred to as glycosylphosphatidylinositol-
linked proteins (9). Thus, in addition to being critical for the

structure of biological membranes, GPLs also play critical roles
in protein targeting and signaling.

Other GPLs, such as phosphatidic acid (PA), phosphatidyl-
glycerol (PtdGly), and cardiolipin (CL), typically constitute a
relatively minor portion of the total cellular GPLs. PA com-
prises a relatively minor 1 mol % of total phospholipids of
organelle membranes but is a critical intermediate in biosyn-
thetic pathways and as a signaling molecule (Fig. 2). PtdGly is
predominantly found in the mitochondria where it is an inter-
mediate in the biosynthesis of CL. However, PtdGly synthase
activity has been found in the ER (10), although there is the

Figure 1. Glycerophospholipid composition of organelles. The bar graph highlights the subcellular distribution of glycerophospholipids (GPLs) between
the different organelles in baby hamster kidney cells (128). The pie charts display the relative abundance of each class of GPL in organelles based on composite
data from rat hepatocytes (1) and for lipid droplets from murine hepatocytes (129). Except for the mitochondrial PtdGly (PG) and CL, the other GPLs are present
in all organelle membranes but display heterogeneity. PtdCho (PC) is the most abundant, comprising 45–55 mol % of the GPL in the cell. PtdEtn (PE) is the
second most abundant GPL and is mainly enriched in inner membranes of mitochondria (�35– 40 mol %), although it is less prominent in other organelles
(�17–25 mol %). PtdSer (PS) is a precursor for the mitochondrial PE, and as a result of repaid consumption, its abundance is very low in the inner mitochondrial
membranes (1 mol %). PS is also a minor component of lysosomes (�1 mol %), the endoplasmic reticulum (�4 mol %), nucleus (�6 mol %), Golgi (�4 mol %),
and plasma membrane (�4%). Post-Golgi apparatus organelles are enriched in sphingomyelin (SM) with it being most abundant (�23%) in the PM. The
designation Other includes essential precursors and signaling lipids such as PA, DAG, and lysolipids. The schematic highlights the vesicular and nonvesicular
pathways responsible for the intracellular trafficking of lipids. The endoplasmic reticulum (ER) is the principal site of synthesis for most lipid species. The
extensively branched reticular network of the ER facilitates the establishment of MCS with other organelles, including the Golgi apparatus, mitochondria,
endosomes, lysosomes, lipid droplets, and plasma membrane. These MCS bring donor and acceptor membranes in proximity (�30 nm) where the exchange
of GPLs and cholesterol can occur. Most organelles are interconnected via the vesicular transport pathways. GPLs are essential for the formation of vesicles that
transport transmembrane and lumenal proteins throughout the cell. Thus, a by-product of vesicular transport is the movement of GPLs and other lipids.
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possibility that this is due to the contamination of mitochon-
drial membranes during the cellular fractionation. CL is also
primarily restricted to the mitochondria where it mainly sup-
ports functions into the mitochondria, including protein trans-
location, and respiratory chain function (11–13).

Sphingolipids and sterols

Sphingolipids, which consist of a serine backbone as opposed
to the glycerol backbone, are critical components of the exofa-
cial leaflet of the plasma membrane with sphingomyelin (SM)
comprising 23 mol % of the total phospholipid (Fig. 1). Sphin-
golipids display an extensive range of headgroup size; they can
possess merely a hydroxyl group, as in the case of ceramide, an
intermediate-sized phosphocholine headgroup as seen in the
highly abundant sphingomyelin, or the more complex sugar-
modified headgroups collectively referred to as glycosphingo-
lipids (14).

The third class of lipid molecules essential for eukaryotes is
classified as steroid alcohols or simply sterols. Cholesterol is the
predominant sterol found in all mammalian cells. Cholesterol
acts to modulate the membrane fluidity and permeability via
interacting with neighboring lipids, such as PtdCho and SM
(15, 16). Because of the importance of cholesterol in cell
biology and the development of atherosclerosis, many
aspects of its synthesis, transport, and functions have been
extensively studied.

An overview of glycerophospholipid biosynthetic
pathways

The ER is the predominant site of GPL biosynthesis, includ-
ing PtdCho, PtdEtn, PtdIns, and PtdSer (13), whereas the mito-
chondria produce two other GPLs, PtdGly and CL (14). The
condensation of the glycerol backbone and two acyl chains rep-
resents the initial steps in GPL synthesis. Typically, glycerol
3-phosphate, a key intermediate in the glycolysis pathway, is
dually acylated to form PA that in turn can be dephosphorylated
to form diacylglycerol (DAG) (15–17). Together, DAG and PA
are essential substrates for the further production of GPLs by
the CDP-DAG and Kennedy pathways (Fig. 2).

The CDP-DAG pathway begins with the consumption of PA
and cytidine triphosphate (CTP) on the cytosolic leaflet of the
ER to produce CDP-DAG and pyrophosphate (17). The CDP-
DAG is then used by a variety of enzymes such as PtdIns syn-
thase together with myo-inositol to produce PtdIns (Fig. 3) (18).
A recent study identified highly mobile ER-derived PtdIns syn-
thase containing vesicles in the cytoplasm as a potential site of
PtdIns synthesis (Fig. 3) (19). These small vesicles were termed
PIPEROsomes for “PtdIns Producing ER-derived Organelle.”
The importance and regulation of the PIPEROsome are not
understood, but it is hypothesized that it represents an inter-
mediate between the ER and PM to supply the PM with PtdIns.
Whether this is through direct fusion, hemifusion, or requires a
PtdIns transfer protein is still unknown. Within the plasma
membrane, PtdIns serves as a substrate for kinases and the
generation of phosphorylated forms of PtdIns, in particular,
PtdIns(4,5)P2, a lipid that regulates a multitude of cellular pro-
cesses. See below for more on the PI cycle.

The next pathway responsible for synthesizing much of the
PtdCho and PtdEtn is named after Dr. Eugene Kennedy who
described the pathway (Fig. 2) (20 –22). The final step of the
pathway is catalyzed by two homologous proteins, the PtdCho-
specific choline phosphotransferase (CPT) and the PtdCho/
PtdEtn-producing choline/ethanolamine phosphotransferase
(CEPT). Experimental evidence suggests that CEPT resides in
the ER, whereas CPT is enriched in the Golgi apparatus. The
presence of CPT in the Golgi is important as it will consume
DAG and thereby temper vesicular transport emanating from
the Golgi (25). The Kennedy pathway both produces PtdEtn
and PtdCho, whereas PtdEtn can be converted to PtdCho in
yeast and in the liver of mammals via the concerted actions of
two PtdEtn methyltransferases that triply methylate PtdEtn
(26, 27).

Glycerophospholipid topology and topogenesis

As constituents of an amphiphilic bilayer, GPLs display lat-
eral diffusion and rotation about their longitudinal axis (23, 24).
However, the spontaneous transversal diffusion of the polar
headgroups through the hydrophobic core of the bilayer is
restricted due to the high-energy barrier (25). Estimates suggest
that within a bilayer GPLs laterally diffuse �109 faster than they
spontaneously translocate (or flip-flop) between leaflets, which
occurs on the order of hours per molecules (Fig. 4) (25, 26).
These observations suggest that in the absence of any facilitated
movement the transbilayer distribution of lipids should remain

Figure 2. CDP-DAG and Kennedy pathways. The CDP-DAG pathway begins
with the consumption of phosphatidate (PA) on the cytosolic leaflet of the
endoplasmic reticulum (ER) by either CDP-DAG synthase (CDS) 1 or 2 to pro-
duce cytidine diphosphate diacylglycerol (CDP-DAG). The CDP-DAG is then
used as a substrate by the phosphatidylinositol synthase enzyme (PIS) to cat-
alyze the production of phosphatidylinositol (PtdIns) from CDP-DAG. CDP-
DAG is also used in the mitochondria by the phosphatidylglycerophosphate
synthase (PGPS) to produce phosphatidylglycerol (PtdGly)-phosphate, which
is, in turn, dephosphorylated to produce PtdGly. Phosphatidylserine (PtdSer)
synthesis is catalyzed by PtdSer synthase 1 (PSS1). A significant fraction of the
newly synthesized PtdSer is transported from the ER to the mitochondria.
There it serves as a substrate for the enzyme PtdSer decarboxylase (PSD) to
produce a mitochondrial pool of phosphatidylethanolamine (PtdEtn). In the
Kennedy pathway, choline (Cho) and ethanolamine (Etn) are first activated for
phosphorylation by choline kinase (CK) and ethanolamine kinase (ETNK),
respectively. Next, the phosphobase serves as substrates for the rate-limiting
step of the pathway catalyzed by CTP:phosphocholine cytidyltransferase
(CCT) and CTP:phosphoethanolamine cytidyltransferase (ECT), respectively,
yielding CDP-Cho and CDP-Etn. The final step of the pathway is catalyzed by
two homologous proteins, the phosphatidylcholine (PtdCho)-specific CPT
and the PtdCho/PtdEtn producing CEPT. Finally, PtdEtn can be converted to
PtdCho by three successive methylation reactions catalyzed by PtdEtn meth-
yltransferases, PEMT1 and -2, in the liver of mammals. PAP, phosphatidate
phosphatase.
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virtually indelible once a membrane or vesicle is formed. At the
cellular level for GPLs to transverse a bilayer, proteins must
lower the energy barrier of the movement.

GPLs, with perhaps the exception of PtdSer (27, 28), are sym-
metrically distributed between both leaflets of the bilayer in the
ER. Progression through the secretory pathway is accompanied
by the appearance of asymmetry in the trans-Golgi and is
apparent in the PM with PtdEtn and PtdSer being enriched in
the cytosolic leaflet, and PtdCho and sphingolipids present
mainly in the exofacial leaflet (29 –31). The majority of the
active sites responsible for the synthesis of sphingomyelin and
other sphingolipids are found on the lumenal side of the Golgi
(32–34), and thus, their asymmetry can be explained by a lack of
flip-flop in post-Golgi membranes. The topological distribu-
tion of the GPLs is controlled by the actions of proteins referred
to as scramblases, floppases, and flippases (see Fig. 4) (35).
Overall, the marked asymmetry of the PM generates two mono-
layers that are chemically distinct. The abundance of the ani-
onic PtdSer in the cytosolic leaflet contributes to a negative
surface charge that accommodates ionic interactions of polyba-
sic proteins with the inner layer of the PM (36). This negative
surface charge can also influence the activity of integral mem-
brane proteins by interacting with N- or C-terminal tails and
cytosolic loops of these proteins. The importance of asymmetry
of the PM is evident, and remarkably little is known about the
topological distribution of GPLs in other organelles such as
endosomes and lysosomes (37). As the cellular functions of flip-
pases are examined in greater detail, we suspect that the role of
asymmetry or at least phospholipid flipping will become more
apparent. Indeed, the loss of the flippase Tat-1 in Caenorhab-
ditis elegans is associated with a loss of PtdSer asymmetry in

endosomal compartments and defective sorting and recycling
pathways (38).

Scramblase-mediated expansion of the ER

The ER resident enzymes responsible for the synthesis of
GPLs are oriented in such a manner that their active sites are
exclusively facing the cytosol (39). Immediately, one should
recognize that having an utterly asymmetric synthesis of GPLs
would pose a problem for the cell if not dealt with rapidly: hav-
ing lipid synthesis confined to one leaflet would lead to the
rapid expansion of the cytosolic leaflet while the luminal leaflet
remained constant. It is suggested that a phospholipid trans-
porter known as scramblase allows for the rapid flip-flop of
GPLs between leaflets of the bilayer. Collectively, scramblases
facilitate the bidirectional translocation of GPLs in an energy-
independent manner (40). In the case of the ER with on-going
lipid synthesis, scramblase activity supports not only symmetry
between the two leaflets but also to couple growth of the two
leaflets (41). The protein(s) responsible for scramblase activity
in the ER had remained elusive for many years, but recent
results suggest that select G-protein– coupled receptors
(GPCRs) might provide this activity. Two GPCRs, the apopro-
tein opsin and holo-rhodopsin, are proposed to equilibrate
GPLs across the photoreceptor disc membranes in the retina
(42, 43). Additionally, it was demonstrated that the �2-adrener-
gic and the adenosine A2A receptors could scramble lipids in
vitro (42). Furthermore, molecular dynamics simulations of
using opsin suggest that the headgroup of the phospholipids
pass through a hydrophilic cavity created by transmembrane
helices 6 and 7 (44). To date, the notion that select GPCRs could
act as scramblases is based on in vitro reconstitution experi-

Figure 3. Phosphatidylinositol cycle. The synthesis of PtdIns occurs in the ER or possibly in ER-derived vesicles termed PIPEROsomes. First, glycerol 3-phos-
phate (G3P) is dually acylated by the actions of acyltransferases glycerol-3-phosphate O-acyltransferase (GPAT) and 1-acylglycerol-3-phosphate O-acyltrans-
ferase (LPAT), which forms lysophosphatidic acid (LPA) and produces phosphatidic acid (PA), respectively. Next, PA in the ER or the PIPEROsomes is converted
to CDP-diacylglycerol (CDP-DAG) by the enzyme CDP-DAG synthases (CDS). Phosphatidylinositol synthase (PIS) in the ER of PIPEROsome catalyzes the coupling
of CDP-DAG to myo-inositol to form PtdIns. Once synthesized in the ER or the ER-derived vesicles, PtdIns is delivered to the PM by the secretory pathway (not
depicted) or by the actions of either nonselective (TMEM24, E-Syts) or PtdIns (Nir2, PITP). The PtdIns serves as a substrate for generating the plasmalemmal
phosphoinositides. PI4,5P2 is vital to facilitate many of the plasmalemmal transactions such as signaling in response to growth factors, exocytosis, endocytosis,
and the polymerization of cortical actin. The activation of PLC isoforms converts PI4,5P2 into DAG, which can then be converted back to PA by one of 10 DAG
kinases. To prevent the accumulation of PA and to replenish the plasmalemmal PtdIns pool, PA is transferred back to the ER via nonvesicular lipid transport
proteins. Red arrows represent metabolic reactions; blue arrows represent intracellular transport process; enzymes. DGK, diacylglycerol kinase.
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ments and has not yet been examined in living cells. The obvi-
ous question that arises from these studies is as follows: why do
GPCRs act as scramblases in the ER but have no apparent activ-
ity in the PM? One possibility is that the local lipid environment
influences the ability of the GPCRs to scramble phospholipids.
For instance, when compared with the PM, the ER contains
more unsaturated acyl chains, less cholesterol, and little sphin-
golipids. Additional biophysical differences exist as the ER is
not as thick as the PM (45), and although the cytosolic leaflet of
the PM is negatively charged, the ER is near neutral (36).
Undoubtedly, this area needs further investigations to help
clarify the role of GPCRs as scramblases and to determine
whether a specific subset of GPCRs provide scramblase activity
to the ER, during transit to other subcellular compartments, or
whether another unknown ER-resident scramblase exists.

Scramblase activation and the disruption of plasmalemmal
asymmetry

Constitutively active scramblases support the growth of the
ER. However, the activity of plasmalemmal scramblases is often
less apparent. Two classic examples of scramblase activation
are present in mammalian cells. The first example is the expo-
sure of PtdSer on the surface of platelets in response to activa-
tion that is required for blood coagulation (46, 47). The second

example is the exposure of PtdSer by apoptotic cells with the
exposed PtdSer serving as an “eat-me” signal for neighboring
cells and macrophages (48, 49). The protein identity of these
scramblase activities remained elusive for many years. How-
ever, recent seminal findings have identified the proteins
responsible for these activities. The importance of scramblase
activity in platelets is exemplified in Scott syndrome, a rare
bleeding disorder where PtdSer fails to translocate to the extra-
cellular leaflet (50, 51). This syndrome is due to inactivating
mutations in the protein referred to as transmembrane protein
(TMEM) 16 family of proteins F (TMEM16F) (52). The
TMEM16 family of proteins has been characterized as calcium-
gated chloride channels, but a growing body of literature sug-
gests that TMEM16F and possibly TMEM16C, -D, -F, -G, and -J
have evolved the ability to scramble phospholipids in response
to elevated cytosolic calcium (53, 54). The manifestation of
Scott syndrome appears to be due to the predominance of
TMEM16F in platelets. The cellular roles for this family
of scramblases in other cell types are less clear. However,
TMEM16E has recently been shown to be necessary for the
motility of mouse sperm (55).

Platelets from Scott syndrome patients still expose PtdSer in
response to apoptotic signals (56). Additionally, apoptotic

Figure 4. Phospholipid translocases in lipid bilayers. The spontaneous flip-flop of GPLs between leaflets of a bilayer is energetically unfavorable. Scramblase
is the term used to describe a variety of proteins (i.e. TMEM16F, Xlr4, select GPCRs) that can in an energy-independent manner mediate the bidirectional transfer
of GPLs between leaflets thereby collapsing the symmetry of the PM. Conversely, Flippase (inward movement) and Floppase (outward movement) are
energy-dependent proteins that couple the consumption of ATP with the movement of lipids across the bilayer.
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platelets can expose PtdSer in the absence of calcium, consis-
tent with the notion that another type of scramblases is present
in the PM (56, 57). This second class of scramblase responsible
for PtdSer exposure during apoptotic cell death was identified
as XK family protein 8 (Xkr-8) (58). Additional studies using
Xkr8-deficient murine cells and human cancer cell lines with
low levels of Xkr-8 demonstrated that these cells fail to expose
PtdSer during apoptosis (58). Importantly, in all cases, the
impaired exposure of PtdSer resulted in the inefficient clear-
ance by phagocytic cells. Expression of two related proteins
Xkr-4 and -9 also rescued apoptotic scrambling in Xkr8-defi-
cient cells (59) demonstrating that, similar to the TMEM16
family, multiple members of the Xk family possess scramblase
activity. PtdSer exposure is a critical step in the execution of
apoptotic cell death and clearance by phagocytes. Instead of
being stimulated by cytosolic calcium, Xkr-8 is activated fol-
lowing proteolysis by active caspase-3 (58). This regulation
ensures that PtdSer is only exposed after a sufficient level of
caspase-3 activation has been reached. The exposure of PtdSer
on the cell surface is further potentiated by the caspase-3–
mediated cleavage of ATP11C, a PtdSer flippase (60).

Flippases and floppases, generators of membrane asymmetry

The asymmetric distribution of GPLs in the PM is a hallmark
of eukaryotes. Flippases are aminophospholipid translocases
that consume ATP to move PtdSer and PtdEtn from the lume-
nal and exofacial leaflets to the cytosolic leaflet (61). A flippase
activity had initially been purified from red blood cells, chro-
maffin granules, and synaptic vesicles with the gene encoding
the chromaffin granule resident flippase being cloned in the
mid-1990s (62). Sequence comparisons determined that this
gene encoded an unrecognized P-type ATPase with a homolog
in yeast named Drs2. The original study found that drs2 cells
were deficient in the flipping of fluorescently-tagged NBD-Ptd-
Ser across the PM, and later studies suggest that the Drs2 func-
tions primarily in the Golgi (63) and that its homologs, Dnf1
and Dnf2, provide the plasmalemmal flippase activity (64).
P4-ATPases are absent in prokaryotes but are present as mul-
tiple members in eukaryotes. For example, the human genome
contains 14 putative flippases and the yeast Saccharomyces
cerevisiae genome encodes five. Several of the P4-ATPases
form heterodimers with the noncatalytic �-subunit Cdc50 that
contains two transmembrane domains and a glycosylated ect-
odomain (65). Although Cdc50 is noncatalytic, association with
P4-ATPase is vital for export from the ER and flippase activity
(66).

Conceptually, aminophospholipid flipping and the genera-
tion of membrane asymmetry are straightforward. Perhaps a
less obvious by-product of flipping is the generation of mem-
brane curvature. Studies in yeast have revealed that flippases–
and likely the generation of membrane curvature– can support
the formation of secretory vesicles or endocytic carriers (64,
67). In mammalian cells, the first appearance of bilayer asym-
metry is found in the trans-Golgi cisternae (TGN) (27), sup-
porting the notion that flippase activity could be supporting
vesiculation of these membranes. Flippases have also been
shown to support endocytic recycling (68), although in this
compartment the identity of the substrate is less clear. Overall,

mutations in the mammalian flippases have been described to
be associated with a wide range of pathophysiological condi-
tions impacting nearly every system in the body (69). This is
likely due in part to the difference in the tissue distribution of
the various flippases. However, it is unclear whether the defects
arise from a disruption in asymmetry or impairment in vesicu-
lar transport pathway(s).

In contrast, floppases mediate the translocation of lipids in
the opposite direction: from cytosolic leaflet to exofacial leaflet
(70, 71). Known members of the floppase family include
the ATP-binding cassette (ABC) transporter superfamily of
transporters that were initially identified as multidrug-resistant
pumps (71). In contrast to the somewhat promiscuous drug-
effluxing ABC transporters, the lipid floppases ABCA1,
ABCB1, ABCG1, ABCB4, and ABCC4 have evolved more spe-
cialized function to transport sterols, PtdCho, SM, and PtdSer.
For instance, ABCA1 and ABCG1 are known to be critical for
the ability of macrophage to efflux cholesterol to high-density
lipoprotein (72). However, in hepatocytes ABCG4 catalyzes the
movement of PtdCho to the exofacial leaflet of the canalicular
membrane to allow excretion of PtdCho into the bile (73).

Inter-organellar transport of lipids

As highlighted in Fig. 1, organelles possess their lipid com-
positions to go along with unique proteomes. However, the PM
and endosomes do not possess a significant capacity to synthe-
size lipids, especially GPLs. Instead, these organelles acquire
their GPLs from the other organelles, especially the ER. Eukary-
otic cells rely on the following two modes of transport to move
lipids: vesicular and nonvesicular trafficking (see Fig. 1). Vesic-
ular transport has long been studied and is essential for the
formation of secretory vesicles, endocytosis, and the inter-or-
ganellar transport of luminal and integral membrane proteins.
For instance, COPII vesicles assemble at ER exit sites and con-
tain proteins destined for the Golgi apparatus, and at the TGN,
vesicles destined for the PM or endosomes are formed. Vesicles,
like organelles, are delineated by a membrane bilayer, and con-
sequently, this mode of protein trafficking inevitably includes
bulk lipid transport. The action of TGN resident flippases
together with the segregation of cholesterol and sphingolipids
supports the formation of these carriers (67, 74, 75). As shown
in Fig. 1, most organelles participate in vesicular trafficking
either by giving rise to or accepting vesicles. However, as the
rates of cell growth and vesicular transport can vary signifi-
cantly by cell type, the precise estimates of the bulk vesicular
movement of lipids are lacking.

An alternative to the formation of transport vesicles is the use
of soluble proteins to shuttle the hydrophobic lipids from one
organelle to the other. The existence of this nonvesicular lipid
transport was alluded to many years ago as lipid transport could
still be observed under conditions where vesicular trafficking is
inhibited (76 –78). Membrane contact sites (MCS) have been
implicated in this mode of lipid transport (79). These regions
are �30 nm apart between two adjacent organelles and likely
help to facilitate the inter-organellar exchange of lipids through
the local enrichment of specific enzymes and proteins (80, 81).
The ER typically creates MCS with other organelles, including
Golgi, mitochondria, endosomes, peroxisomes, lipid droplets,
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and PM. In vitro studies have demonstrated that spontaneous
exchange of lipids between vesicles can occur, but this process
is exceedingly slow and would likely have little importance
within the cell (82, 83). Thus, merely bringing membranes close
together would have little benefit. To deal with this challenge,
cells have evolved soluble lipid-transport proteins (LTPs),
which contain a hydrophobic binding pocket that can extract
lipids and facilitate transport through an aqueous environment
(84, 85). In vitro, these LTPs can extract lipid and then either
reinsert them in the same “donor” liposome or transport the
lipid through an aqueous buffer and deposit it in a “recipient”
liposome. However, most LTPs have modest transfer rates in
vitro, considering the vast quantities of cellular lipids such as
cholesterol and PtdSer. This has raised the question whether
these molecules function as simple transfer proteins or whether
they have specialized context-dependent functions (86, 87).

The number of putative LTPs has grown immensely in the
last 2 decades. In general, LTPs are found as multigene families
with varying substrate specificities. For instance, sterol transfer
is mediated by a subset of the oxysterol-binding protein
(OSBP)-related proteins (ORPs) (88), and the steroidogenic
acute regulatory protein (StAR)-related lipid-transfer (StART)
domain proteins (89). Conversely, the transfer of PtdIns is
mediated by PtdIns-transfer proteins (PITP) and Nir2 (19, 90).
Recently, ORP5/8 and TMEM24 have been implicated in
PtdSer and PtdIns transfer, respectively, at ER-PM MCS (Fig. 1)
(91, 92). Because of their modular nature, several of the LTPs
can interact with both target donor and acceptor membranes.
For example, OSBP has a pleckstrin homology domain that
interacts with the phosphoinositides, PtdIns4P, and active
ADP-ribosylation factor (Arf)1 (93). Additionally, the presence
of an FFAT (two phenylalanines in acidic tract) motif within
OSBP allows binding to the ER resident integral membrane
protein, vesicle-associated membrane protein-associated pro-
tein (VAP), thereby associating OSBP with ER membranes (94,
95). This dual targeting to two proximal membranes creates a
narrow bridge that is thought to support the transfer of sterols
from ER to Golgi. Alternatively, a few LTPs are integral proteins
that contain transmembrane domains to allow them to be
anchored to organelles, including the ER and late endosomes.
This includes the late endosome-anchored cholesterol transfer
protein STARD3, the ER tail-anchored PtdSer–PI4P exchange
proteins ORP5 and ORP8, and the nonselective ER-tethered
extended synaptojanins (E-Syts). For more information about
LTPs and MCS sites, we refer readers to review articles 79, 85.

Roles of GPLs as second messengers and molecular
beacons

Phospholipases and cell signaling

In addition to being a critical structural building block of
membrane bilayers, GPLs also serve as a reservoir for lipid sec-
ond messengers. Indeed, many of low abundant lipids, such as
lyso-PtdCho (LPC), lyso-PA (LPA), PA, and DAG, can act as
signaling molecules with a variety of targets. Examples of this
include the ability of LPA to act as an autocrine or paracrine
signal through activation of a specific -protein– coupled recep-
tor (e.g. LPA) (96). Within the cell, DAG and PA can influence

the recruitment and activation of cytosolic proteins (97, 98).
Some of these lipid molecules are intermediates in the de novo
biosynthetic pathway, whereas the actions of phospholipases
can locally generate individual species.

Phospholipase is a general term used to describe an enzyme
that hydrolyzes phospholipids. However, phospholipases con-
stitute several families of enzymes with unique activities, sub-
strate preferences, and regulation. As such, phospholipases are
categorized into four major classes, termed A, B, C, and D,
according to the type of reaction they catalyze (99). Phospho-
lipase A (PLA) enzymes cleave either the sn-1 acyl chain (des-
ignated PLA1) or the sn-2 acyl chain (PLA2), whereas the phos-
pholipase B enzymes cleave at both the sn-1 and sn-2 positions.
The PLA2 family is extensive and impacts numerous biological
processes. The family of PLA2 enzymes can be divided into five
distinct categories, namely secreted PLA2, cytosolic PLA2,
Ca2�-independent PLA2, platelet-activating factor acetylhy-
drolase, and lysosomal PLA2s. The PLA2 superfamily of
enzymes varies in catalytic mechanism, function, localization,
and structural features. As this is a Minireview with limited
space, we refer readers to other reviews for greater detail on
PLA2 enzymes (100, 101). Typically, PLA2 uses GPLs as a sub-
strate to release polyunsaturated fatty acids, such as arachi-
donic acid (AA), from the sn-2 position. AA can be used by a
variety of enzymes to produce compounds called eicosanoids,
which include prostaglandins and leukotrienes (102). Eico-
sanoids act to participate in a wide range of physiological and
pathological processes, including immune response, inflamma-
tion, sleep regulation, and pain perception, by activating spe-
cific GPCRs (103). The lysophospholipids can be used as a pre-
cursor for LPA and platelet-activating factor (PAF), which are
lipid mediators. LPAs play a role in cell proliferation, survival,
and migration (104); PAF is vital to the processes of inflamma-
tion (105). Many of these molecules serve as ligands for GPCRs
and can serve as autocrine, paracrine, or endocrine signaling
molecules.

In addition to the breaking down of GPLs and the generation
of signaling molecules, concerted deacylation-reacylation reac-
tions also remodel the acyl chains of GPLs. This process,
referred to as the Lands cycle, involves the generation of lyso-
phospholipids by the actions of PLA enzymes together with
specific LPAATs (106, 107). This cycle serves critical cellular
roles, including the replacement of oxidized fatty acids and
helping to provide diversity in acyl chain compositions (108).
Additionally, the generation and consumption of lysophospho-
lipids by the Lands cycle has essential implications in vesicula-
tion and transport especially within the Golgi apparatus (107).
The inverted conical shape of lysophospholipids supports
vesiculation of membranes and vesicle fusion (109, 110). In the
Golgi apparatus, the actions of at least four PLAs enzymes con-
tribute to the structure of the Golgi cisternae as well as fusion
and fission of transport carriers (107). The actions of these
enzymes are counteracted by the actions of at least one enzyme,
lysophosphatidic acid acyltransferase 3, as overexpression of
this protein prevents Golgi tubulation while its genetic silenc-
ing promotes fragmentation (111). How these enzymes are
coordinated and regulated is still not well-understood but again
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highlights the importance of lipids as components of biological
membranes.

Remodeling of CL has been described to occur in the mito-
chondria of yeast and mammals. Improper acyl chain remodel-
ing of CL in humans results in an inherited cardiomyopathy
termed Barth syndrome (112). Newly synthesized CL in yeast
contains saturated acyl chains (113) that are replaced with oleic
acid, whereas hepatocytes initially synthesize tetraoleoyl-CL
that is remodeled to tetralinoleoyl-CL (114). In yeast, a cardio-
lipin-specific phospholipase A-like enzyme designated Cld1
(115) has been characterized that works upstream of Taz1, the
homolog of the human enzyme Taffazzin, which possess mono-
lyso-CL transacylation activity and is the causative agent in
Barth syndrome (116, 117). To our knowledge, the functional
human equivalent of Cld1 has not been identified. Regardless,
the failure to adequately remodel the acyl chain composition of
CL or possibly to prevent the accumulation of monolyso-CL is
associated with a variety of mitochondrial defects, including
protein import, oxidative phosphorylation, and fission and
fusion.

The mammalian phosphoinositide-specific phospholipase C
(PLC) enzymes are classified into six isotypes (�, �, �, �, �, and �)
and play an essential role in signal transduction (118). Upon
isoform-specific activation, PLCs act to generate the secondary
messengers, inositol 1,4,5-triphosphate (IP3) and DAG, by
hydrolyzing phosphatidylinositol 4,5-bisphosphate (PtdIns
(4,5)P2) (119). The released IP3 can then bind and activate IP3-
gated calcium channels in the ER leading to increased cytosolic
calcium. This increase in cytosolic calcium can stimulate secre-
tion via SNARE-mediated exocytosis and further signaling by
conventional protein kinase C isoforms. Importantly, the DAG
generated by PLCs can activate both conventional and novel
isoforms of protein kinase C (as well as other proteins) that
further potentiate signals (120).

Phospholipase D (PLD) is the final type of phospholipase.
PtdCho is the natural substrate of the mammalian PLD1
and PLD2 (121). The hydrolysis of the phosphodiester bond of
PtdCho by PLD results in the production of free choline and
phosphatidic acid. PLD1 is found in a variety of subcellular
compartments, including the Golgi apparatus, endosomes, and
lysosomes, whereas PLD2 is found primarily at the PM. The
activation of these enzymes leads to the localized production of
PA. The small headgroup of PA promotes membrane curva-
ture, and PLD activation has been reported to be required for
optimal clathrin-mediated endocytosis (122, 123). Addition-
ally, as PA is negatively charged, it could also contribute to the
activation or recruitment of proteins with polybasic regions
such as Rac1. Finally, a variety of proteins have been described
to bind PA in a “lock-and-key” manner, including mammalian
target of rapamycin (mTOR), its downstream activation of S6
kinase, and Raf1 kinase (97).

Phosphoinositides

Among GPLs, the phosphorylated derivatives of PtdIns often
referred to as “phosphoinositides” or “PIPs” are especially
important in signal transduction and protein targeting. As
described above, the metabolism of the seven PIP species is
controlled by the actions of 19 phosphoinositide kinases and 28

phosphoinositide phosphatases, for information, please see the
extensive review by Balla (124). Each of the seven PIPs displays
its intracellular distribution with variable overall abundance.
The PIPs display a highly-relative turnover rate compared with
PtdIns, which likely helps control the magnitude of the signal-
ing transduction or the coordination of vesicular trafficking.
For instance, a small fraction of the plasmalemmal PtdIns
(4,5)P2 can be converted to phosphatidylinositol 3,4,5-trispho-
sphate (PtdIns(3,4,5)P3) by the actions of PI 3-kinase. In turn,
PtdIns(3,4,5)P3 leads to the recruitment and activation of Akt
to promote cell survival and protein synthesis. PtdIns(3,4,5)P3
is also rapidly dephosphorylated at the 3- or 5-hydroxyl posi-
tions thereby terminating and in some circumstances prolong-
ing its signaling, respectively (125, 126). Beyond their role in
signal transduction, individual PIP species support many cellu-
lar functions. This includes but is not limited to the following:
(i) contributing to the establishment of organelle identity; (ii)
recruiting small GTPase to support actin polymerization,
organelle, and vesicular transport; and (iii) serving as a ligand
for cytosolic proteins thereby recruiting or regulating their
function. Collectively, phosphoinositides can mediate a large
variety of effects, including survival, differentiation, prolifera-
tion, migration, endocytosis, and endosomal maturation (127).

Conclusion

Lipid metabolism and transport continue to be significant
and intriguing areas of biochemistry and cell biology. To date,
nearly all of the enzymes involved in the synthesis and catabo-
lism of lipids have been identified. The next phase of lipid
research will build on this wealth of knowledge generated by the
research community and seek to investigate the more exquisite
details of the biology of lipids and the proteins that bind and
transport them. How control and integration of the lipidome
are achieved and its relation to the broader metabolome will
also be critical for understanding health and pathophysiology.
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The synthesis of glycogen allows for efficient intracellular
storage of glucose molecules in a soluble form that can be rap-
idly released to enter glycolysis in response to energy demand.
Intensive studies of glucose and glycogen metabolism, pre-
dominantly in skeletal muscle and liver, have produced innu-
merable insights into the mechanisms of hormone action,
resulting in the award of several Nobel Prizes over the last one
hundred years. Glycogen is actually present in all cells and tis-
sues, albeit at much lower levels than found in muscle or liver.
However, metabolic and physiological roles of glycogen in other
tissues are poorly understood. This series of Minireviews sum-
marizes what is known about the enzymes involved in brain glyco-
gen metabolism and studies that have linked glycogen metabolism
to multiple brain functions involving metabolic communication
between astrocytes and neurons. Recent studies unexpectedly link-
ing some forms of epilepsy to mutations in two poorly understood
proteins involved in glycogen metabolism are also reviewed.

Glycogen has fascinated biologists for over a century due to
its pivotal role in the efficient and dynamic storage of glucose
molecules. Classical studies found that glucose storage as gly-
cogen in muscle and liver is enhanced following feeding, and
that these stores are rapidly degraded during exercise or fasting,
respectively. Initial efforts to understand the biochemical
mechanisms underlying these responses identified the key
enzymes glycogen phosphorylase and glycogen synthase, and
found that the activities and conformations of these enzymes
are stably modified in response to hormonal signals, such as
adrenaline and insulin. Mutations in the genes encoding these
proteins, as well as other glycogen-metabolizing enzymes,
result in an array of glycogen storage diseases that typically
affect skeletal muscle and/or liver. Careful chemical analyses
revealed that a key event in regulating glycogen phosphorylase

is the covalent modification by phosphate. This discovery led to
the initial characterization of phosphoprotein phosphatases
and protein kinases. Investigations of the molecular basis for
hormonal regulation of the protein kinases resulted in the
detection of cAMP and development of the “second messenger”
signaling concept. These findings stimulated pioneering
studies that identified heterotrimeric G proteins, G protein–
coupled receptors, and other second messengers. Many key
papers reporting these findings were published in The Journal
of Biological Chemistry. There is little exaggeration in stating
that our collective curiosity about glucose and glycogen metab-
olism spawned studies conducted by multiple generations of
biological chemists that have been recognized by nine Nobel
Prizes in Physiology/Medicine or Chemistry.

A natural follow-up question to this brief historical overview
might be: what else is there to learn about glycogen metabo-
lism? It turns out, quite a lot. It has been well-known for many
years that almost all tissues contain glycogen, albeit at signifi-
cantly lower levels than found in muscle or liver. Little attention
was paid to the molecular mechanisms that regulate glycogen
stores in other tissues or cells, and very few studies addressed
the role of glycogen itself, which was largely presumed to serve
as a short-term glucose store. The first careful characteriza-
tions of glycogen in the brain were published in a series of
papers by Stanley E. Kerr and colleagues that appeared in The
Journal of Biological Chemistry during the 1930s (1, 2). Astro-
cytes are now known to be the predominant brain cell type
containing glycogen, where it is largely distributed throughout
astrocytic cytosol, endfeet, and perisynaptic processes (3–6).
When compared with astrocytes, much lower levels of glyco-
gen, glycogen phosphorylase, and glycogen synthase are pres-
ent in neurons (7, 8). However, the precise role(s) of brain gly-
cogen remain elusive.

This series of four Minireview articles provides an overview
of glycogen metabolism in the brain, summarizes current
thinking regarding the roles of glycogen in different cell types,
and discusses the importance of glycogen to brain function.
The first article, by Prats, Graham, and Shearer (9), discusses
the dynamic life of the glycogen granule, with attention to con-
trol of the size and number of granules, composition of the
macromolecule and its microenvironments, and its compart-
mentation. These authors draw on the detailed knowledge base
derived from studies in liver and muscle that have not yet been
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carried out in brain. Nadeau, Fontes, and Carlson (10) review
the regulation of glycogenolysis, with detailed discussion of the
properties and regulatory mechanisms of the three enzymes
and their isoforms involved in glycogen breakdown: phosphor-
ylase kinase, glycogen phosphorylase, and the debranching
enzyme. Besides glycogenolysis, glycogen synthesis, glycogen
turnover, and the glycogen shunt are also important aspects of
glycogen metabolism in the brain. Bak, Walls, Schousboe, and
Waagepetersen (11) discuss roles of glycogen in normal brain
functions and diseases, including its use in astrocytes with reg-
ulation by local energy demands, and glycogen mobilization
during neurotransmission when receptor-mediated signaling
pathways and astrocytic control of the extracellular milieu
serve to integrate astrocytic glycogenolysis with neuronal activ-
ity. Gentry, Guinovart, Minassian, Roach, and Serratosa (12)
review the structural abnormalities in glycogen caused by
mutations in the E3 ubiquitin ligase malin and the glycogen
phosphatase laforin, and describe the role of glycogen in the
pathophysiology of Lafora disease, which is characterized by
severe epilepsy and death.

In summary, there is a strong need for the development of an
improved understanding of glycogen neurobiology. The goal of
this series is to increase interest in brain glycogen research by
providing a foundation to facilitate studies of the complexities
of glycogen turnover in various cell types, and to attract the appli-
cation of new experimental methods and approaches to study nor-
mal and pathophysiological roles of glycogen in the brain.
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Glycogen, the primary storage form of glucose, is a rapid and
accessible form of energy that can be supplied to tissues on
demand. Each glycogen granule, or “glycosome,” is considered
an independent metabolic unit composed of a highly branched
polysaccharide and various proteins involved in its metabolism.
In this Minireview, we review the literature to follow the
dynamic life of a glycogen granule in a multicompartmentalized
system, i.e. the cell, and how and where glycogen granules
appear and the factors governing its degradation. A better
understanding of the importance of cellular compartmentaliza-
tion as a regulator of glycogen metabolism is needed to unravel
its role in brain energetics.

Glycogen granules and their metabolic regulation differ
widely between tissues, cell types, and even between intracellu-
lar compartments. Although the biochemical pathways of gly-
cogen synthesis and degradation are similar between tissues,
the enzymes involved and their regulation are uniquely adapted
to the metabolic demands of each cell type (Table 1).

Each glycogen granule contains carbohydrate with a diverse
complement of associated regulatory proteins, considered
together as an organelle-like structure or “glycosome” (1). This
Minireview is designed to summarize and integrate the existing
physiology, cell biology and biochemical literature to propose a
generalized model for the dynamic “life” of a glycogen granule
or glycosome. Although this series of Minireviews is focused on
the brain, a great deal of the understanding of the granule
comes from investigations of muscle glycogen. Unless specified
otherwise, the information in this Minireview originates from
skeletal muscle; however, the overriding principles should
apply to the brain as well.

The glycosome

Glycogen granules are composed of protein-glycogen (2).
Three types of glycogen structures have been identified by EM
and termed �- and �-granules and �-particles (1, 3) (Fig. 1A).
The �-granules are mainly found in liver and are formed by

several �-granules arranged in a broccoli-like fashion. The
�-granules are individual glycogen granules, which include sev-
eral �-particles, 3 nm protein-rich subunits that are highly elec-
trodense after staining with lead and uranyl acetate (4) (Fig. 1, B
and C). The �-granules are considered a rapid energy source
and are �20 –30 nm in diameter and �106–107 in molecular
weight, whereas the liver �-granules are considered a slower
energy source (5) and can be as large as 300 nm in diameter and
of �108 in molecular weight (1, 3). The molecular structure of a
�-granule includes a central priming protein, glycogenin (GN)3

(6), covalently bound to the glucose polymer, which is formed
by chains of �13 glucose residues bound through �-1,4-glyco-
sidic linkages and interconnected by �-1,6-glycosidic linkages
at branching points (7).

According to the tiered model (8) for glycogen organization,
�-granules are organized as concentric layers of glucose chains
(tiers). The theoretical maximum size for an independent
�-granule has been set to 42 nm, i.e. to consist of 12 tiers (9).
Because the amount of glucose residues stored doubles in each
increasing tier, a hypothetical 13th tier has been estimated to be
physically impossible due to spatial constraints (7, 8, 10). In
liver, several �-granules can form an �-granule; however, the
process by which �-granules aggregate and the nature of the
linkage between them remain elusive (11, 12). Based on the ob-
servation that GN accounts for 0.0025% of liver glycogen mass,
200-fold lower GN content than muscle glycogen (13), it was
initially suggested that one GN molecule could prime the synthesis
of several �-granules, forming an �-granule (6). However, the
majority of the literature indicates that the �-granules in an
�-granule are formed independently. EM studies of mouse liver
glycogen during cycles of fasting/feeding show that when liver gly-
cogen reaches a maximum concentration, it consists almost
entirely of �-granules, which later form �-granules by binding via
a protein backbone (5, 12, 14) capable of forming disulfide bonds
(15). Further studies are needed to unravel the sequential pro-
cesses involved in the initiation and formation of �-granules.

Glycogen fractions according to chemical properties

In addition to GN, many different proteins have been identi-
fied as part of the glycogen granule proteome (Table 2). The
protein composition and/or the ratio of protein to carbohy-
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drate within a glycogen granule and its association with cellular
compartments affect its solubility in acid. As early as 1934, two
fractions of glycogen were described according to their solubil-
ity in boiling water or cold TCA; the extractable fraction was
named lyoglycogen, and the nonextractable fraction was
named desmoglycogen (16). Desmoglycogen was reported to
include glycogen granules associated with filaments and/or sar-
coplasmic reticulum, and lyoglycogen included free unbound
granules (17). Cells with a high content of glycogen contained
mainly lyoglycogen, whereas the proportion of desmoglycogen
increased as cell glycogen was depleted (18). The solubility of
glycogen to acid treatment was also used to propose the exist-
ence of two distinct populations of glycogen granules, termed
pro- and macro-glycogen (19 –21). The acid-insoluble form,
pro-glycogen, was thought to consist of smaller granules (1– 8
tiers), which were the substrate for subsequent addition of car-
bohydrates, eventually becoming acid-soluble macro-glycogen
(granule size �400,000 Da) (21, 22). Subsequently, James et al.
(23) reported that alterations in the extraction conditions influ-
enced the proportions of acid-soluble/insoluble glycogen and
that these fractions did not correspond to specific granule sizes.
Nevertheless, there is clear evidence in the literature of the
existence in the cell of acid-labile (desmoglycogen/pro-glyco-
gen) and acid-soluble (lyoglycogen/macro-glycogen) glyco-
somes, which within this Minireview will be termed acid-solu-
ble and acid-insoluble fractions.

The birth of a new glycogen granule

Biosynthesis of a new glycogen granule is initiated by GN
dimerization and autoglycosylation (Fig. 2A). GN autoglycosyl-
ation occurs in two sequential steps: initial intermolecular
glycosylation and subsequent intramolecular glucose chain
lengthening (Fig. 2A) (24, 25). During intermolecular glycosyl-
ation, GN catalyzes the transfer of glucose from UDP-glucose
to Tyr-194 of a separate GN molecule, forming a 1-O-tyrosyl
linkage (Fig. 2B) (24, 25). GN then catalyzes the addition of
6 –17 additional glucose residues onto the O-linked glucose,
forming �-1,4-glucosidic linkages (25). Dimerization of the
proteins is weak, potentially allowing the units to separate after
the initial intermolecular glycosylation reaction (26). GN binds
to a conserved amino acid sequence in the C-terminal domain
of glycogen synthase (GS) (27, 28). In skeletal muscle, GS and
GN are expressed in equimolar amounts, suggesting an average
of one GS molecule associated with each glycogen granule in
vivo (28). As the glycogen granule grows, GS unbinds from GN
and binds the polysaccharide through a glycogen-binding site
at its C terminus (6), adding new glucosyl residues to the outer
polysaccharide chains. Once the initial chains are formed, the
glycogen-branching enzyme (GBE) cuts the distal end of the
newly-formed chain and attaches it to a glucose residue from
the older existing chain through an �-1,6 linkage (Fig. 2C) (29).
The coordinated action of GS and GBE create the spherical and
branched structure of the granule, which ensures solubility and
creates a hydrophilic surface necessary to reduce the osmotic
pressure exerted by each granule (30, 31).

The question arises as to where and when new glycogen
granules are initiated and how this process is regulated. Accu-
mulating evidence in the literature indicates that the start ofT
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each glycogen granule is associated with the actin cytoskeleton,
with actin binding a conserved DNIKKKL C-terminal domain
of GN. Disruption of the actin cytoskeleton by cytochalasin D
leads to granule dispersion (32), explaining previous observa-
tions of alignments of glycogen granules associated with cyto-
solic filaments (1). Interestingly, several independent studies
have reported that the initial stages of glycogen re-synthesis
after episodes of low glycogen levels are linked to cytosolic
actin-rich spherical structures. Cid et al. (33) reported GS
intranuclear localization in cultured human muscle and in

3T3-L1 cells under low glucose conditions and GS transloca-
tion to cytoplasmic spherical structures upon glucose adminis-
tration. In response to glucose administration after glycogen
depletion, similar structures have been reported in different cell
types, among them Saccharomyces cerevisiae (34), 3T3-L1 adi-
pocytes (35), hepatocytes (36), and rabbit and human skeletal
muscle (37, 38). A combination of light and EM was used to
characterize the spherical structures resulting from dynamic
actin cytoskeleton rearrangement in low glycogen conditions, a
process that required 1.5 h and was a prerequisite for glycogen

Figure 1. Glycogen granule and the actin-rich spherical structures: EM observations. Analysis of glycogen granules by transmission EM has led to the
identification of three structural entities: the �-particle, the �- granule, and the �-granule (A). The �-particle is highly electrodense after lead and uranyl acetate
staining visualized as black clusters in the magnified arrow-marked glycogen granules (top-right corner) (B and C). The �- granule includes the carbohydrate
polymer and the bound �-particles, and the �-granule is composed of several �-granules bound via a protein backbone rich in disulfide bonds. At the start of
glycogen re-synthesis after severe storage depletion, actin-rich spherical structures form (37), which in skeletal muscle are visualized by transmission EM as
electrodense structures at the I-band of the sarcomeres in close proximity to the sarcoplasmic reticulum and transverse tubuli (D–G, white arrows). Scale bars,
B, 250 nm; C and F, 200 nm; and D, E, and G, 500 nm.
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re-synthesis to start (37). These observations are in agreement
with previous studies reporting that glycogenolysis results in
the release of dissociated GN and GS to the cytoplasmic frac-
tion; in vitro, 50% re-association of these two proteins took
hours (28). Altogether, the start of new glycogen granules is
associated with and regulated by the actin cytoskeleton; how-
ever, further studies are needed to understand the regulation
and dynamics of the molecular pathways involved.

Glycogen storage (granule size versus number)

Changes in cell glycogen content may respond to changes in
the size and/or number of granules. Given that the amount of
carbohydrate storage increases exponentially with each tier,
one might assume that to maximize storage efficiency granules
would grow to their maximal size (�42 nm). Remarkably, most
investigations of granule size in brain, liver, skeletal, and cardiac
muscle have consistently reported a continuum of sizes, rang-
ing from 10 to 44 nm in diameter, with an average granule
diameter of roughly 25 nm (5, 39). Thus, most of the glycogen
granules contain only about 20% of the theoretical maximum
amount of carbohydrate that they could store. In agreement,
Elsner et al. (40) determined granule size in cultured myotubes
before and after insulin stimulation, and they showed that only
33% of the insulin-stimulated glucose uptake was used to
increase average granule size (from 24.9 to 28.1 nm in diame-
ter). Similarly, labeled glucose experiments in liver showed that
granules that were synthesized early after glucose administra-
tion stopped growing, and other granules were then formed,
rather than enlarging the previously formed granules to their
maximal capacity (41). In the brains of mice, Oe et al. (42) have
shown that glycogen granules are mainly localized in the pri-
mary branches and fine processes of cortical and hippocampal
astrocytes (Table 1) and that the presence of large glycogen
granules (�15 MDa (43)) is unique to glycogen-rich areas. Alto-
gether, the growth of glycogen granules seems to be coordi-
nated and limited in some manner, so that glycogen granules
grow only modestly in size, rarely reaching their theoretical
maximal capacity.

Another potential strategy for cells to up-regulate glycogen
storage capacity could be to increase GN protein expression (6).
90% of GN has been reported to be isolated with the glycogen
fraction in skeletal muscle (28), which suggests that the reser-
voir of un-primed GN available may be a limiting factor for cell
glycogen storage capacity; however, that does not turn out to be
the case, because overexpression of GN in COS-1 cells and rat
fibroblasts with unlimited glucose supply had no effect on total
cellular glycogen content. Not surprisingly, the overexpression
did lead to an increased number of smaller glycogen granules
(44, 45), but with no effect on the overall storage capacity. Con-
sistent with the above observations, training-induced increases
in glycogen storage in rodents showed no significant correla-
tion with GN protein levels or activity (46, 47). Supporting the
existence of coordinated mechanisms regulating the number
and size of glycogen granules, Montori-Grau et al. (48) showed
that the overexpression of different protein phosphatase 1
(PP1) glycogen targeting subunits in cultured myotubes
resulted in distinct alterations in both granule numbers and
size. Overexpression of any of the targeting subunits resulted inT
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more granules: overexpression of PPP1R6 led to smaller aver-
age granule size (�14 nm), but overexpression of PPP1R3C/
PTG increased the average granule size (to �37 nm), resulting
in 1.4- and 12-fold increases in glycogen content, respectively.
Even though the molecular mechanisms regulating glycogen
granule size and number remain elusive, a strong inverse cor-
relation between GS activation and glycogen levels has repeat-
edly been reported, suggesting that glycogen regulates its own
synthesis, perhaps through GS substrate inhibition.

Phosphorylation and granule growth

Although there have been reports of glycogen-containing
phosphate groups (20), these were originally clouded with

questions of contamination of the samples, etc. The identifica-
tion of the glycogen phosphatase laforin and its mutation as a
key factor in Lafora disease reaffirmed the relevance of glycogen
phosphorylation in the regulation of glycogen metabolism. In
skeletal muscle, glycogen granules contain approximately one
phosphate per �650 glucosyl units in rabbit and one phosphate
per �1500 glucosyl units in the mouse (49, 50), and these are
found throughout the granule. Recently, Turnbull et al. (51)
suggested that the hydrophilic phosphoryl groups could unfold
the branch chains, exposing hydrophobic regions in a similar
way as in starch. Laforin dephosphorylates glycogen, and it has
been speculated that this dephosphorylation facilitates normal
branching of glycogen during synthesis, allowing the granule to

Figure 2. Life of a glycogen granule: birth to maturity. The start of a newly synthesized glycogen granule results from the coordinated dimerization and
autoglycosylation of GN (A). GN glycosylation is believe to occur in the following two steps: intermolecular glycosylation as the transfer of 1–2 glucose units to
tyrosine 194 (Tyr-194) from the other GN, and subsequent intramolecular glycosylation resulting in the elongation of the primer chain by the transfer of 7–16
glucose residues (B). Further elongation of the primer chain involves the coordinated action of glycogen synthase (GS) and glycogen-branching enzyme (GBE),
adding glucose residues to the granule through �-1,4-linkage (B) and �-1,6-linkage (C), respectively. GN binds to actin filaments for the start of glycogen
synthesis (D), and in situations of severe low glycogen levels, the formation of spherical actin-rich cellular structures (E) in which glycogen re-synthesis
machinery gathers has been reported in several cell types. As glycogen granules mature, it may be released to the cytosol as an unbound acid-soluble glycogen
granule (F), less metabolically active and ranging in size from 20 to 30 nm (G).

THEMATIC MINIREVIEW: Dynamic life of the glycogen granule

J. Biol. Chem. (2018) 293(19) 7089 –7098 7093



remain soluble (50). The origin and role of the reversible phos-
phorylation of glycogen remain unclear, as reviewed in the
accompanying Minireview by Gentry et al. (52). Even though
the role of glycogen phosphorylation remains unclear, it should
be noted that two starch kinases have been identified, raising
the question of whether similar glycogen kinase(s) exist. A qual-
ity control role for glycogen phosphorylation has also been sug-
gested (53), according to which a glycogen granule accumulates
phosphate throughout its lifetime, becomes less soluble, and is
eventually targeted for lysosomal disposal (Fig. 3D). This idea is
supported by observations in laforin-KO mice, whose glycogen
has �4 – 6-fold higher phosphate content than the WT,
reduced solubility, and forms characteristic Lafora bodies (49,
50). Independently of whether glycogen phosphorylation rep-
resents an enzymatic side-reaction error or is part of a regulated
biochemical mechanism, there is no doubt that it has significant
effects on glycogen metabolism.

Utilization of a glycogen granule and the fate of
glycogen-bound proteins

Glycogen granules can be utilized by two pathways: 1) cyto-
solic degradation by the coordinated action of glycogen phos-
phorylase (GP) and glycogen-debranching enzyme (GDE) (Fig.
3A), and 2) lysosomal degradation by the action of �-glucosi-
dase (Fig. 3D) (54).

Cytosolic degradation is mediated by the rate-limiting
enzyme GP, which cleaves a terminal glucose residue bound to
a glycogen branch by substitution of a phosphoryl group for the
�-1,4 linkage. Four residues before a branching (�-1,6-linked
glucosyl residue), the GDE catalyzes the transfer of three of the
remaining four glucose units to the end of another glycogen
chain, where they can be degraded by GP. The exposed �-1,6
branching point is then hydrolyzed by a second catalytic
domain of GCE, releasing a molecule of glucose and eliminating
a branch point. Thereafter, The exposed �-1,6-branching point
is hydrolyzed by a second catalytic domain of GDE, releasing a
molecule of glucose and eliminating the branch point. Thus, the
degradation of a glycogen granule results in the release of Glc-
1-P and glucose (Fig. 3A). Glc-1-P is converted to glucose
6-phosphate (Glc-6-P) by phosphoglucomutase, and glucose is
phosphorylated to Glc-6-P by hexokinase. In most tissues, the
resulting Glc-6-P is used internally to feed glycolysis flux; how-
ever, in gluconeogenic tissues, such as the liver, kidney, and
intestine, endogenous Glc-6-P can be transported into the ER
lumen, where it is dephosphorylated to glucose and secreted by
the cell to the interstitial space (Fig. 3B).

In skeletal muscle, glycogen and glycogenolysis have been
associated with the sarcoplasmic reticulum (SR). A high pro-
portion of total GP and phosphorylase kinase (PhK) activities,
39 and 53% respectively, were recovered associated with puri-
fied SR vesicles (55), forming part of the ER–SR glycogenolytic
complex, linking glycogenolysis to the SR calcium (Ca2�)-
ATPase. Highlighting the compartmentalized nature of the
complex, lowering extravesicular Ca2� concentration (56) or
inhibiting GDE (57) in vitro decreased the phosphorylation of
only SR-bound GP, with no effect on the phosphorylation state
of unbound GP. The coordination of GP activation with SR
Ca2�-flux in muscle allows for rapid GP activation at the onset

of muscle contraction. A similar link between glycogenolysis
regulation and the endoplasmic reticulum Ca2�-ATPase has
been reported in primary cultures of murine cerebellar and cor-
tical astrocytes. By stimulating store-operated Ca2� entry or
blocking glycogenolysis, Müller et al. (58) showed that ER
Ca2�-uptake triggers astrocytic glycogenolysis in a cAMP-de-
pendent manner. The existence of a compartmentalized cellu-
lar structure regulating GP activity, the glycogenolytic com-
plex, can explain accumulating observations in the literature
reporting that not all granules within a cell are regulated in an
identical fashion; instead, specific intracellular pools of glyco-
gen exist that are designated for cytosolic degradation (36). Fur-
thermore, the brain expresses two different GP isoforms, the
muscle and the brain isoforms (59), that are differently regu-
lated by phosphorylation and AMP (60) and thus are expected
to serve different physiological roles (60). Norepinephrine-in-
duced up-regulation of glycogen degradation has been shown
to be mainly mediated by the GP muscle isoform (60), whereas
the glycolytic supercompensation seems to depend on brain GP
activation (61). Whether the role of the two GP isoforms in the
regulation of glycogen utilization can be explained by differen-
tial intracellular compartmentalizations in the astrocytes
remains elusive.

Lysosomal glycogen is enriched in very large molecular
weight granules, and its degradation affects 5% of total muscle
glycogen and 10% of total liver glycogen (15, 62). The following
questions arise. When and how are glycogen granules targeted
for lysosomal degradation? What is the metabolic relevance of
such a cellular process? In newborns, liver lysosomal glycogen is
the product of glycogen autophagy, and it has been suggested to
serve as an extra glucose source during and after birth (63).
Several studies have reported evidence suggesting a role for
laforin and malin in the regulation of glycogen and removal
of glycogen-associated proteins via autophagy–lysosomal
and ubiquitin–proteasome pathways, respectively (64). The
autophagy–lysosomal pathway involves chaperone-mediated
autophagy and unspecific invagination of a fraction of the cyto-
plasm into an autophagosome, which then fuses with a lyso-
some for content breakdown. Selective down-regulation of
hepatic chaperone-mediated autophagy leads to glycogen
depletion, potentially explained by the reduced degradation of
glycolytic enzymes, leading to enhanced glycolysis rates (65).
The ubiquitin–proteasome pathway, in which substrate pro-
teins are targeted for 26S proteasome degradation by ubiquiti-
nation, is highly selective (66). Malin has been shown to ubiq-
uitinate several glycogen-associated proteins in vitro, among
them laforin, PTG, GDE, and GS (67–69); however, the sub-
strates of malin in vivo remain unclear, as discussed by Gentry
et al. (52). In contrast, starch binding domain 1 (Stbd-1) has
been identified as a selective autophagy receptor for glycogen.
Stbd-1 has a higher affinity for less branched polysaccharides
(70), and it has an autophagy-related 8-family interacting motif
(71).

Intracellular compartmentalization and dynamics of a
glycogen granule

An interesting quandary in glycogen metabolism involves the
intracellular localization of granules. As introduced above, gly-
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cogenolysis is associated with the ER/SR, whereas glycogen syn-
thesis seems to be associated with actin filaments. Thus, are
glycogen granules formed in specific locations, and do they
move during their lifetime?

As an attempt to integrate the reviewed literature, we take
the opportunity to propose a generalized hypothetical model
for the dynamic life of a glycogen granule (Figs. 1 and 2). Criti-

cally low glycogen levels trigger actin cytoskeleton rearrange-
ment, forming actin-rich spherical-like structures, which could
facilitate GN dimerization and interaction with GS for efficient
glycogen re-synthesis (Fig. 2, A and D). In mouse astrocytes, the
start of glycogen resynthesis after fasting has been reported in
close association with the vasculature (72). Restored glycogen
levels would lead to dissolution of the actin-rich structures and

Figure 3. Life of a glycogen granule: partial and complete degradation. Glycogen granules can be utilized by cytosolic degradation or by lysosomal
degradation. Cytosolic glycogenolysis has been associated with the endoplasmic and sarcoplasmic reticulum, where the glycogenolytic complex, formed by
glycogen phosphorylase (GP) and phosphorylase kinase (PhK), links glycogen utilization with calcium-ATPase (A). The coordinated action of GP and
glycogen-debranching enzyme (GDE) results in the release of glucose 1-phosphate (Glc-1-P) and glucose (Glc), which are converted to glucose 6-phosphate
(Glc-6-P) by phosphoglucomutase and hexokinase, respectively. Glc-6-P will either be used as substrate for glycolysis or, in gluconeogenic tissues, will enter the
ER/SR through a glucose 6-phosphate transporter (Glc-6-PT) and converted to Glc by glucose-6-phosphatase (Glc-6-Pase) (B). The mechanisms by which
glycogen granules are tagged for lysosomal degradation remain elusive; however, evidence indicates that phosphorylation of glycogen granules may play a
role. Increased glycogen phosphorylation has been associated with increased branching points and solubility (C), whereas increases in glycogen phosphory-
lation are associated with lower branching degree and solubility (D). Binding and phosphorylation of laforin leads to malin recruitment, which could result in
ubiquitination of glycogen-bound proteins directing them toward proteasome degradation (E). However, the starch binding domain 1 (Stbd-1) will bind to less
branched glycogen granules tagging them for lysosomal degradation (F).
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explain the observation by Rybicka (1) of lines of cytoplasmic
glycogen granules associated with filaments (Fig. 2E). As actin-
associated glycogen granules grow, they may eventually disso-
ciate from actin filaments, becoming free unbound granules
(Fig. 2F) that could eventually associate with the ER/SR, becom-
ing the glycogenolytic complex for cytosolic degradation (Fig.
3A). In skeletal muscle, �75% of glycogen granules are found
between myofibrils in the intermyofibrillar space (73) where
the SR is located, and the rest are associated with contractile
filaments inside the myofibrils at the actin I-band of the sar-
comere or underneath the plasmalemma (39, 74). Investigation
into the distinct roles for the skeletal muscle subcellular glyco-
gen pools has suggested that intramyofibrillar glycogen is
tightly associated with muscle resistance to fatigue, whereas
intermyofibrillar glycogen appears to be linked with muscle
relaxation time and the regulation of Ca2� uptake by the SR
(73). These observations support the proposed model in which
actin-associated (intramyofibrillar) granules are key for glyco-
gen re-synthesis after depletion, and intermyofibrillar glycogen
granules associated with the SR– glycogenolytic complex link
glycogenolysis with SR Ca2� uptake.

When a granule is not recruited for cytosolic degradation,
accumulative glycogen phosphorylation would lead to altera-
tions in the polysaccharide’s structure (branching) (50), making
it less soluble. Binding of 5�-AMP-activated protein kinase-
phosphorylated laforin to the highly phosphorylated granule
would increase malin binding (Fig. 3D), ubiquitination of gly-
cogen-associated proteins, and subsequent proteasome-depen-
dent degradation. In addition, because Stbd-1 has high affinity
for less branched polysaccharides, it may tag aging granules
toward lysosomal degradation (Fig. 3F) (71, 75). This idea is
supported by the Lafora bodies that form and accumulate when
laforin is absent, and these granules are water-insoluble, phos-
phate-rich, and ubiquitin-positive (76, 77).

In the proposed model, the acid-insoluble glycogen fraction
would include the nascent glycogen granules associated with
actin filaments and glycogen granules associated with the
ER–SR-glycogenolytic complex, whereas the acid-soluble frac-
tion may include cytosolic unbound glycogen granules. This
idea is supported by studies reporting that the acid-insoluble
glycogen fraction is more metabolically active (10) and has
lower average external chain lengths (11). Interestingly, the
amount of glycogen acid-soluble fraction has been reported to
be more responsive to fasting/feeding and exercise/re-feeding
cycles (23, 78). These results may seem contradictory; yet, they
can be rationalized by the proposed model. In the model, the
amount of metabolically active acid-insoluble glycogen gran-
ules (actin- and ER/SR-bound) could be stable, with the
regained glycogen storage capacity predominantly occurring in
the less metabolically active acid-soluble unbound glycogen
granules. Whether glycogen synthesis and degradation co-exist
in individual glycogen granules remains unsolved. It is interest-
ing to note that newly formed granules in periportal hepato-
cytes have been reported to be closely associated with ER (79),
and the actin-rich spherical structures in which glycogen re-
synthesis localizes interact closely with SR–membrane systems
and transverse tubules in skeletal muscle (Fig. 1, D–G, white
arrows). A close physical proximity between the protein com-

plexes regulating glycogen synthesis (actin-associated GN and
GS and GLUT4 glucose uptake) and degradation (ER/SR-asso-
ciated PhK, GP, and Ca2�-ATPase) suggests that the regulation
of the two events is likely coordinated.

Closing remarks and open ends

The dynamic life of a glycogen granule is tissue-specific. A
large amount of the available literature originates from skeletal
muscle and liver, and thus further studies investigating the reg-
ulation of glycogen metabolism in other tissues, especially
brain, are needed. In addition, the importance of intracellular
compartmentalization in the regulation of glycogen metabo-
lism makes the integration of physiology, biochemistry, and
structural biology studies essential.
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The key regulatory enzymes of glycogenolysis are phosphory-
lase kinase, a hetero-oligomer with four different types of sub-
units, and glycogen phosphorylase, a homodimer. Both enzymes
are activated by phosphorylation and small ligands, and both
enzymes have distinct isoforms that are predominantly
expressed in muscle, liver, or brain; however, whole-transcrip-
tome high-throughput sequencing analyses show that in brain
both of these enzymes are likely composed of subunit isoforms
representing all three tissues. This Minireview examines the
regulatory properties of the isoforms of these two enzymes
expressed in the three tissues, focusing on their potential regu-
latory similarities and differences. Additionally, the activity,
structure, and regulation of the remaining enzyme necessary
for glycogenolysis, glycogen-debranching enzyme, are also
reviewed.

As discussed throughout this Minireview series, glycogenol-
ysis, especially in astrocytes, is central to a variety of biological
processes carried out in brain. Thus, the regulation of glycogen-
olysis is critical for understanding control of these processes.
There are but three enzymes devoted solely to glycogenolysis:
phosphorylase kinase (PhK),2 which activates glycogen phos-
phorylase (GP); GP, which phosphorolyzes �-1,4 glycosidic
bonds to form glucose-1-P; and glycogen-debranching enzyme
(GDE), which is both a glucosyltransferase and a glucosi-
dase that hydrolyzes �-1,6-glycosidic branch point bonds to
release glucose. The first two enzymes constitute an unusually
selective pair, in that PhK is the only known protein kinase to
activate GP, which in turn is the only generally acknowledged
physiological substrate for PhK. As will be discussed, however,
it is possible that glycogen synthase (GS) may also be a biolog-
ical substrate for PhK. Besides being activated by phosphoryla-
tion, PhK and GP respond to small-molecule signals to regulate
glycogenolysis, whereas GDE is directly involved in regulating
glycogen synthesis.

The structure, activity, and regulation of PhK

Almost everything known about PhK has come from 6
decades of study on the enzyme from rabbit fast-twitch skeletal
muscle, which fortunately has turned out to be a relatively
homogeneous isoform. This form of the enzyme will be referred
to as mPhK, to distinguish it from the liver (lPhK) and brain
(bPhK) forms, which at first approximation seem to share sim-
ilar subunit compositions and regulatory features as mPhK,
albeit with distinguishing differences in their regulation (1).
The mPhK is a hexadecameric oligomer composed of four cop-
ies each of four distinct subunits, (����)4, that tightly associate
in a 1.3-MDa complex. The �, �, and � subunits are regulatory
and exert fine control over the activity of the catalytic � subunit
(1). Within the complex each type of subunit directly interacts
with the three remaining types, consistent with extensive qua-
ternary interactions (2). Moreover, cryo-EM reconstructions
and subunit localizations show the three regulatory subunits to
be arrayed around the catalytic subunit (Fig. 1) (3–7), and their
interactions with it are, at least in part, through the � subunit’s
C-terminal regulatory domain (�CRD) (8). Adding the masses
of the �CRD (12.7 kDa) and the three regulatory subunits (�,
138 kDa; �, 125 kDa; �, 16.7 kDa) indicates that 90% of mPhK’s
mass is involved in its regulation. It is assumed that the regula-
tion of the bPhK will be equally complex if not more complex
than mPhK, given that there are a greater variety of subunit
isoforms in the brain.

There are two primary activators of mPhK, one being Ca2�

(9) and the other phosphorylation (10), with that catalyzed by
cAMP-dependent protein kinase (PKA) as part of the fight or
flight response being the most thoroughly characterized (1).
The mPhK is a calmodulin (CaM)-dependent protein kinase;
however, in this regard it is atypical of that kinase family
because of four features. The first is that CaM, its integral �
subunit (11), does not associate and dissociate from the com-
plex depending on the concentration of free Ca2�. The second
is that CaM (�) binds to the �CRD in a novel mode using a
salt-bridge involving its third EF-hand (12). The third is that
mPhK is activated by and binds only three Ca2� ions per �
subunit (13), consistent with its third EF-hand being involved in
the binding of � to �. The fourth difference between mPhK and
other CaM-dependent kinases is that Ca2� remains an obliga-
tory cofactor even after the enzyme has been activated via phos-
phorylation (14), although the sensitivity to Ca2� does change
(9, 15, 16). It should be remembered, however, that Ca2� and
phosphorylation are co-dependent activators, in that neither
alone causes significant activation, at least at neutral pH (15).
This last point is important, because activation schemes show-
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ing the glycogenolysis cascade often imply that Ca2� alone can
significantly activate PhK, which is not true for mPhK, at least at
neutral pH values or below. As for other PhK isoforms, includ-
ing brain, their overall Ca2� dependence will require similarly
thorough analyses. At alkaline pH values, which activate mPhK
by eliminating its need for phosphorylation, its requirement for
Ca2� ions for expression of that activity remains (15).

It might also be noted that PhK directly binds to glycogen,
which stimulates its protein kinase activity (17). Moreover,
acarbose, which is a transition-state analogue inhibitor of
�-glucosidases, binds tightly to PhK and stimulates its catalytic
activity, presumably through glycogen-binding site(s) on its �
and/or � subunit(s) (18).

Besides phosphorylating GP, mPhK from rabbit has also
been shown by numerous groups to phosphorylate rabbit mus-
cle GS in vitro (19 –22). The characteristics of this PhK-depen-
dent phosphorylation completely mirror those with GP as sub-
strate, including Ca2� dependence. Moreover, the kinetic
parameters for both substrates are quite similar: equivalent Km
values, with Vmax twice as high for GP (21). As is the case with
GP, the GS phosphorylation site is near its N terminus (Ser-7),
which occurs within a sequence similar to the GP phosphory-
lation site (21). Most importantly, this phosphorylation of GS
also leads to its inactivation (19, 20, 22, 23). It is not known
whether PhK also phosphorylates GS in vivo, although they
both bind glycogen (19) and thus may be proximal. The diffi-
culty in establishing whether GS is a physiological substrate for
PhK is that there are five other protein kinases that phosphor-
ylate Ser-7 of GS (19).

In contrast to mPhK, very little is known about the structure,
activity, and regulation of bPhK. The PhK activity in brain
lysates is �7% that of muscle, normalized by protein concen-
tration (24). It should be noted, however, that these lysates
would represent glial, neuronal, endothelial, and smooth mus-

cle cells. The mass of bPhK does not appear to have been esti-
mated; however, it most likely has the same quaternary struc-
ture as mPhK and lPhK, because all four subunits are expressed
in brain (25). Moreover, both Ca2� and PKA have been shown
to activate bPhK in lysates, further suggesting a similar subunit
composition and regulation of the PhK from various tissues,
although there were significant qualitative differences in the
activation profiles (24). It should be noted, however, and is
detailed in subsequent sections, transcripts of the muscle iso-
forms of the �, �, and � subunits are all found in brain, but the
brain additionally has transcripts corresponding to the � sub-
unit isoform associated with liver and a � subunit isoform that
predominates in brain.

Regarding these isoforms of PhK, multiple genes and alter-
native splicing give rise to a wide variety of potential complexes
containing different subunits. There are two genes for the �
subunit on the X-chromosome: PHKA1 and PHKA2 (26, 27).
The A1 gene encodes the � subunit found in mPhK (28); how-
ever, alternative RNA splicing removes an internal segment of
59 amino acids to form �� (29), which predominates in PhK
from cardiac and slow-twitch muscle. The A2 gene encodes the
predominant � subunit in lPhK (30). There is but a single gene
for the � subunit on chromosome 16 (27), but its RNA can
undergo two different types of alternative splicing, resulting in
� subunits with different N termini and two different mutually
exclusive internal segments of 28 residues (29). Of the four pos-
sible � permutations, one predominates in brain (�B) (29), and
it is significantly different from that of muscle (�M) (29). There
are two genes for the � subunit: PHKG1 on chromosome 7 (31)
and PHKG2 on chromosome 16 (32). As for the � subunit, there
are three different genes for CaM on chromosomes 2, 14, and 19
(33); however, all three genes encode the identical protein, and
of course, CaM has multiple targets. Because of all the different
potential combinations of subunits in the hexadecameric com-
plex, only mPhK, which is nearly all (�1�M�1�)4, and to a much
lesser extent heart PhK (��1�M�1�)4 have been characterized as
purified, mostly homogeneous isoforms (1). Liver PhK has been
purified and studied (34, 35); however, those enzyme prepara-
tions likely contained multiple isoforms. No purified bPhK with
any identified isoform has ever been characterized; however, in
this regard, it should be noted that an expression system that
would allow this is now available, as hexadecameric mPhK that
mimics the enzyme purified from skeletal muscle has now been
expressed (36).

The relative amounts and types of RNA characterized by
whole-transcriptome high-throughput sequencing of skeletal
muscle, liver, and brain tissues is shown in Table 1. Comparing
hippocampus and astrocytes, one sees similar expression of the
different isoforms, albeit in somewhat different ratios. It should
be noted, however, that the hippocampal data are from
humans, and the astrocytic data are from mice (25). Consider-
ing the � subunit in astrocytic PhK, �1 predominates over �2.
No ��1 was observed, and it is not known whether ��2 is produced
in any tissue. The � subunit exhibits a similar ratio of the muscle
to liver forms as observed for � in astrocytes, with �1 predom-
inating. Of the three genes for the � subunit (CaM), only one is
significantly transcribed in astrocytes. The greatest difference
between bPhK and PhK from other tissues occurs in the � sub-

Figure 1. PhK structure and subunit locations. The cryo-EM reconstruction
of the (����)4 mPhK complex (6) shows the relative locations of the four
subunits within a single ���� protomer determined by immunoelectron
microscopy or nanogold derivatization (3–5). The bridges between the octa-
meric lobes are composed of � subunits (94). The lobe tips, which contain a
C-terminal region of the � subunit (4), are separated by 176 Å (intralobal) and
213 Å (interlobal) (6).
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unit. The �B isoform predominantly contains the mutually
exclusive internal exon found in �L (29); however, its N termi-
nus is distinct from the other � isoforms in being seven residues
shorter and having altered phosphorylatable regulatory
sequences (29), as described in detail below. Thus, the predom-
inant makeup of astrocytic PhK is (�1�B�1�)4. It must be noted,
however, that the RNA for �2, �M, and �2 isoforms is also pres-
ent and could give rise to a large variety of PhK complexes, likely
having different regulatory, or even catalytic, properties. More-
over, that complexity would be even further increased if all
subunit isoforms could freely associate within a given hexa-
decameric complex, e.g. different � isoforms within the same

complex, different � isoforms, etc. The selectivity of association
of subunit isoforms within an individual PhK complex is simply
not known.

One of most salient differences between the brain and mus-
cle PhKs concerns their potential regulation by phosphoryla-
tion. In the case of mPhK, its activation by PKA occurs mainly
through phosphorylation of Ser-26 (37) of the � subunit (Fig. 2);
but once this residue is phosphorylated, additional activation
occurs through phosphorylation of multiple seryl residues in
the C-terminal region of the � subunit (38). Phosphorylation of
mPhK is associated with an increased self-association of the �
subunits within the (����)4 complex (8, 39) and a concomi-

Table 1
Isoforms of PhK Subunits and PhKaa

a Expression in human skeletal muscle, liver, hippocampus, and mouse astrocytes was estimated from RNA-sequence data sets, with FPKM shown in the separate heat maps
for PHK and CALM/GP by the central double line (52). PhK subunit splice variants were evaluated using previously reported values from rabbit (29).

b Deletion of 59 amino acids (AA’s) (654 –712) through alternative splicing (29).
c Residues 779 – 806 are unique due to mutually exclusive exons (29).
d Residues 779 – 806 are the same in the � subunits of all non-muscle tissues (29).
e N.D. means not determined.
f Data are similar to �L, but with a unique N terminus (29).
g All three CALM genes encode the identical protein (33).
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tantly large increase in the kcat of its � subunit (40). From results
with zero-length oxidative cross-linking and a phosphomi-
metic peptide of the N terminus of �M (8), a structural model
was recently proposed to explain the phospho-activation of
mPhK (41). The model posits that the nonactivated conformer
of PhK is stabilized by interactions between the � subunit and
the nonphosphorylated N terminus of � and that phosphoryla-
tion of � weakens this inhibitory interaction, leading to the
activation of �. The �B isoform has a very different primary
structure at its N terminus than at �M (Fig. 2), which makes it
highly probable that bPhK is regulated by phosphorylation dif-
ferently from mPhK. The difference could be potentially man-
ifested in three different ways: autophosphorylation, phosphor-
ylation by PKA, and phosphorylation by Pro-directed protein
kinases. The first two potential differences were explicitly noted
by Harmann et al. (29) in their groundbreaking study on the
isoform diversity of PhK’s � and � subunits created by alterna-
tive RNA splicing. They noted that Ser-11 of �M, which is an
autophosphorylation and autoactivation site in vitro (8, 42), is
eliminated in �B (Fig. 2), although it is not known whether
mPhK autophosphorylation occurs in vivo. They also noted
that the primary structure immediately surrounding Ser-26 in
�M, the activation site during phosphorylation by PKA (37), is
conserved in �B as Ser-19 and surrounding residues (Fig. 2);
however, N-terminal to that, only one of the six basic residues
present in �M is retained in �B, which would undoubtedly neg-
atively affect phosphorylation by the basophilic PKA. The third
and most intriguing difference between �M and �B in their
N-terminal regions is the introduction of three additional seryl
residues in the latter (five total versus two), with two of the
residues in �B occurring as Ser-Pro pairs (Fig. 2). These pairs
could be targets for members of the large superfamily of Pro-
directed protein kinases, e.g. GSK3, JNKs, MAPKs, ERKs, etc.
No Pro-directed protein kinase has been previously shown to
phosphorylate PhK from any tissue. The location of these Ser-
Pro pairs at the N terminus of �B makes it highly likely that their
phosphorylation would lead to activation of that PhK, and thus
glycogenolysis. Thus, conditions or receptor agonists acting in-
dependently of cAMP could stimulate brain glycogenolysis.

To fully understand the regulation of bPhK by phosphoryla-
tion and Ca2� ions, it will be necessary to co-express defined
isoforms of the relevant subunits found in brain and then to
purify and characterize the resultant complexes using the brain
isoform of GP as substrate. All studies to date examining bPhK
activity in lysates or slices have utilized only the muscle isoform
of GP as substrate; as discussed in the below, there are signifi-
cant differences in these two GP isoforms.

Intracellular degradation of glycogen

Release of glucosyl monomers from glycogen occurs through
the concerted actions of GP and GDE, which produce glucose

1-phosphate and glucose, respectively, through phosphorolysis
and hydrolysis of 1,4 and 1,6 glycosidic bonds in glycogen. Reg-
ulatory mechanisms governing the activity of GP are for the
most part well characterized through extensive studies of rabbit
mGP (43), whereas the regulation of GDE activity is less well
understood.

The structure, activity, and regulation of GP

GP (1,4-�-D-glucan:orthophosphate �-D-glycosyltransferase,
EC 2.4.1.1) is a member of the clan 35 family of retaining glyco-
syltransferases (GT), which in the case of GP transfer sugar
moieties (glucose) from donor (glycogen) to phosphate accep-
tor molecules (44). Each GP monomer (97.4 kDa) contains a
pyridoxal phosphate prosthetic group that is attached through
a Schiff base with a Lys in its active site (45). The phosphate
group of pyridoxal phosphate protonates Pi in the GP-active
site, which in turn protonates the hemiacetal oxygen of the
�-1,4 glycosidic bond, resulting in its cleavage and the forma-
tion of a glucosyl carbocation that bonds with phosphate to
form glucose 1-phosphate. Biologically, GP exists as a
homodimer of subunits associated in a nonactive conforma-
tion, in which both subunits’ catalytic sites are partially buried
(46). To achieve full activation, GP undergoes tiered conforma-
tional changes in response to phosphorylation of Ser-14 by PhK
and/or the binding of the allosteric activator AMP, promoting
active conformations in which moderate changes in tertiary
structure lead to large changes in quaternary structure, rotating
the subunits �10° with respect to each other to expose fully
solvent-accessible active sites (46 –48).

As is the case with PhK, there are three structurally related
mammalian isoforms of GP, named for the tissues in which they
predominate: muscle (mGP), liver (lGP), and brain (bGP). Each
of the isoforms is encoded by a unique gene, and the three genes
are located on different chromosomes (49 –51). In addition to
liver, lGP is expressed, at least at low levels, ubiquitously in
other tissues, including brain (52). In contrast, mGP is
expressed to a great extent only in muscle, with low levels of
expression observed in brain, primarily in astrocytes (52–54).
For lGP and mGP, RNA levels mirror protein expression in
most tissues (52). The bGP isoform is expressed predominantly
in fetal tissues, with its expression levels attenuating in most
tissues to different extents after birth, giving rise to tissue-spe-
cific ratios of GP isoform expression (55). In brain, bGP is
expressed in both astrocytes and neurons (53).

The activity of GP is tightly controlled by activating (AMP)
and inhibiting (glucose, glucose-6-P, and purine nucleosides)
allosteric effectors (56). As revealed by X-ray crystallographic
analyses of mGP–ligand complexes, each allosteric ligand binds
to a distinct region of the GP dimer, except glucose-6-P and
AMP, whose binding sites partially overlap (57). It has also been
suggested that glycogen itself may act as an allosteric activator
through binding at a glycogen storage site distinct from the
active site (46). GP is also activated, as described above, by
upstream signaling through phosphorylation of Ser-14 by PhK
in response to hormonal stimuli and increased intracellular
Ca2� ions. Nonphosphorylated GP is termed GPb, and phos-
phorylated GP is termed GPa.

Figure 2. N-terminal domains of �M and �B. Serines in red represent known
PKA phosphorylation sites for �M (1, 37) and the putative PKA site for �B. The
green residues in the �B sequence show the potential Pro-directed protein
kinase phosphorylation sites.
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There are significant differences in the allosteric activation of
the three GP isoforms in response to AMP and phosphory-
lation. Crystal structures of all GPs show that the phosphoryla-
tion and AMP-binding sites are proximal (12 Å) and close to the
subunit interface in the dimeric complex (58). Activation of GP
through these two sites is thought to involve similar conforma-
tional changes (47, 48, 58 – 60), involving specific rearrange-
ments in tertiary and quaternary structure, confined primarily
to a region comprising residues 1–120, termed the activation
subdomain (61). Phosphorylation results in nearly full activa-
tion of mGP and lGP; however, bGP is less potently activated by
phosphorylation (61–64) and also requires the binding of AMP
to achieve the extent of activation observed with mGPa and
lGPa (63). The three isoforms also respond differently to AMP,
with lGP showing little to no activation by the nucleotide (61).
In contrast, bGPb is sensitive to AMP activation and has a
greater affinity for the nucleotide than does mGPb; however, it
binds AMP noncooperatively (61, 65), whereas the binding of
AMP by mGPb is highly cooperative (61). Additionally, AMP
significantly lowers the Km value of bGP for glycogen, which
otherwise would be much greater than that for the muscle iso-
form (62).

Although likely not as problematic as for PhK, the simulta-
neous presence of multiple isoforms of GP in brain complicates
understanding the overall regulation of the enzyme. In astro-
cytes, where the bulk of glycogenolysis occurs, both the mGP
and bGP isoforms are expressed (65); however, there is also
evidence for the expression of lGP in cultured astrocytes (53),
and low levels of RNA for this isoform have been detected in
brain by whole-transcriptome shotgun sequencing (52). Thus,
there is the possibility that all three isoforms exist in brain,
allowing for isoform-dependent variations in response to acti-
vation by AMP and other effectors, as well as to phosphoryla-
tion by PhK (65). As discussed above, upstream signaling by
phosphorylation is further complicated by the presence of the
�B subunit of PhK in astrocytes. Moreover, AMP signaling may
also be complicated by the susceptibility of bGP to reactive
oxygen species (ROS) (66). Two Cys residues (318 and 326) are
conserved within all brain isoforms of GP in higher vertebrates
and occupy positions in the adenine loop that is part of the
AMP-binding site (60). Oxidation of bGP with H2O2 has been
shown to reduce AMP-induced activation by 75% and activa-
tion by phosphorylation by 20%. Both effects were reversible, in
line with several redox proteomics studies (67–69) that sug-
gested potential regulation of bGP by ROS (66). Because only
bGP is expressed in neurons (53, 54), its exposure to ROS could
potentially limit its activation to predominantly extracellular
signaling pathways through phosphorylation, rather than in
response to neuronal intracellular AMP.

Another potential allosteric activator of bGP is Rac1,
although this particular activation mechanism has yet to be
examined with the brain isoform. Rac1 (77), a member of the
Rho family of small GTPases, does however activate mGP (70).
Moreover (78 –83), muscle contraction has been shown to
increase activation of Rac1, leading in turn to activation of the
protein kinase PAK1, a Rac1 target, and to increased glucose
uptake through actin cytoskeletal remodeling and GLUT4
translocation (71). PAK1 is activated by the binding of Rac1 to

its auto-inhibitory domain, which shares homology with resi-
dues 191–270 of mGP, a region required for the binding and
activation of mGP by active Rac1 (70). The Rac1-binding region
of mGP is near the dimer interface, proximal to the tower heli-
ces, which undergo large conformational changes upon activa-
tion (46). These results suggest that glycogenolysis may be stim-
ulated during muscle contraction through multiple activators
that target GP, including Rac1.

Because Rac1 is expressed widely and to a great extent in
brain (52) and because bGP essentially conserves the entire
Rac1-binding site found in mGP (70), it is possible that (73–76)
brain glycogenolysis may also be mediated by Rac1 similar to its
effect in muscle. In a recent report, Fernandez et al. (72) dem-
onstrated that glucose uptake in forebrain through GLUT1
translocation is synergistically stimulated by insulin and insu-
lin-like growth factor-1 (IGF1) through mitogen-activated pro-
tein kinase/protein kinase D activation of Rac1 in astrocytes,
which have been reported to express insulin, IGF1, and insulin
receptors (73, 74). In response to sensory stimulation, blockade
of IGF1 receptors in the somato-sensory cortex was shown to
diminish neuronal activity and glucose uptake by astrocytes
(72). Correspondingly, both Rac1 and mGP levels were dimin-
ished in post-mortem samples of the dorsolateral prefrontal
cortex of patients with schizophrenia and in astroglia-enriched
cultures from rodent models of schizophrenia, with samples
from both exhibiting changes in energy-regulating pathways
(75–77). Together these studies provide evidence for altered
regulation of the glycogenolytic pathway in chronic schizo-
phrenia, leading Pinacho et al. (78) to hypothesize the potential
down-regulation of Rac1 and mGP as a mechanism for dimin-
ishing the transfer of astrocytic energy stores to neurons (77, 79,
92). Rac1 activation through Wnt5a signaling in brain influ-
ences synaptic plasticity and memory formation (79), and
through its binding and activation of GP it may potentially cou-
ple actin dynamics and glycogenolysis, both linked to memory
consolidation (80). Furthermore, as a modulator of actin
dynamics (81), Rac1 also plays an important role in neuronal
migration and synaptic plasticity (79, 82, 83).

The activity, structure, and regulation of GDE

In the breakdown of glycogen, GDE expresses both GT and
glycosidase (GC) activities following the reactions of GP. Phos-
phorolysis by GP of �-1,4 glycosidic bonds in the glycogen poly-
mer halts at four glucose units from an �-1,6 branch point, with
those remaining four glucosyl residues targeted by GDE. First,
three glucose units are cleaved from the branch and transferred
as a trisaccharide to the reducing end of a nearby outer chain by
the GT activity, and then the �-1,6 branch point glucose is
hydrolyzed by the GC activity. Together, these two activities of
GDE produce a linear polyglucose outer chain that is accessible
to further phosphorolysis by GP.

Until recently, little was known structurally about eukaryotic
GDEs, including whether GT and GC catalysis was carried by a
single or separate catalytic sites; however, the first crystal struc-
ture of GDE from Candida glabrata (cgGDE), which shares
38% sequence similarity with human GDE, unequivocally dem-
onstrated the presence of N- and C-terminal catalytic domains
that possess, respectively, 4-�-D-glucotransferase (GT: EC
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2.4.1.25) and amylo-�-1,6-glucosidase (GC: EC 3.2.1.33) activ-
ities (84). The N-terminal GT domain contains three sub-
domains and is structurally similar to glycosyl hydrolase (GH)
13 family members (44), which contain conserved catalytic Glu
and Asp residues. Structural analyses of the GT site with oligo-
saccharide model substrates demonstrated that it is highly
selective for glycogen branches with four glucose units, i.e. the
end products of glycogen digestion by GP (85). Mutation of
either of the predicted GT site catalytic residues abolished the
enzyme’s glucotransferase activity without affecting its gluco-
sidase activity. The C-terminal catalytic domain is a structural
homolog of the GH15 family, which contains funnel-shaped
active sites with two carboxyl-containing catalytic residues
(86). Using the methodology described above, the C-terminal
GC domain was shown to be selective for single branch oligosac-
charides mimicking the �-1,6 branches of glucose that are
resistant to phosphorolysis by GP. Mutation of either of the
catalytic residues in the GH site abolished glycosidase activity,
but not GDE’s transferase activity. In addition to the catalytic
sites that bind glycogen, an intervening domain contains a gly-
cogen contact region that is conserved among GDEs from other
organisms (84).

Kinetic analyses of native and mixed catalytically dead CT
and GC combinations of cgGDE suggest a mechanism whereby
the GT hydrolysis product must first dissociate from the GDE
before the enzyme binds to an �-1,6 branch for hydrolysis by its
GC domain (84). Besides being substrates, the binding of oligo-
saccharides by GDE has been reported to stimulate its GT activ-
ity (87, 88).

Tissue-specific regulation of GDE and the extent and num-
ber of its interactions with other cellular proteins remain poorly
understood. GDE levels may be influenced by fluctuations in
glycogen stores through signals that, in part, alter its association
with glycogen. Cheng et al. (89) demonstrated that conditions
possibly leading to down-regulation of cAMP/PKA signaling
and dissociation of GDE from glycogen influence the translo-
cation of GDE from the cytosol to the nucleus to form GDE–
malin complexes, ultimately leading to a decrease in GDE lev-
els. Because malin is a ubiquitin ligase (90), its association with
GDE suggests a potential model for regulating GDE levels by
ubiquitination (89). Moreover Liu et al. (91) later showed that
degradation of lafora bodies requires an assembly of proteins
that include malin, GS, and bGP, plus the most common splice
variant of the GDE gene (91), suggesting additional potential
binding partners for GDE in polyglucan degradation pathways
in brain and other tissues.

GDE may target other proteins that associate with glycogen,
e.g. it reportedly binds the � subunit of AMP-activated kinase
(AMPK), resulting in the stimulation of AMPK activity (92).
Phosphorylation of GS by AMPK reportedly inhibits GS activity
in concert with GSK (93), potentially down-regulating glycogen
synthesis.

Summary

Continuing work on the regulation of glycogenolysis indi-
cates that it is more complex than previously appreciated, espe-
cially in brain. In part, this is because of the probable wide
variety of PhK and GP isoforms in brain, representing those

enzymes from all tissues. Furthermore, the specific brain iso-
forms of both enzymes are regulated differently from their iso-
forms of other tissues, e.g. the unique N-terminal regulatory
phosphorylation region of bPhK’s �B subunit and the oxidation
of bGP. To better understand the allosteric regulation of glyco-
genolysis in brain, the actual amounts of the different subunit
isoforms of PhK and GP present in the different regions of brain
must be determined, as well as their association, followed by
determination of their resultant activities under controlled
conditions. It would also be necessary, of course, to estimate the
relative contributions to overall activation by the various allos-
teric activators acting on the two enzymes (phosphorylation,
Ca2�, AMP, Rac-1, oxidation, etc.). The rapidly accessible
energy source supplied by glycogenolyis in supporting numer-
ous brain functions requires few enzymes, but they are under
complex control.
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T., Füllgrabe, A., Fuentes, A. M., Jupp, S., Koskinen, S., Mannion, O.,
Huerta, L., Megy, K., Snow, C., Williams, E., et al. (2016) Expression Atlas
update–an integrated database of gene and protein expression in humans,
animals and plants. Nucleic Acids Res. 44, D746 –D752 CrossRef Medline
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The brain contains a fairly low amount of glycogen, mostly
located in astrocytes, a fact that has prompted the suggestion
that glycogen does not have a significant physiological role in
the brain. However, glycogen metabolism in astrocytes is essen-
tial for several key physiological processes and is adversely
affected in disease. For instance, diminished ability to break
down glycogen impinges on learning, and epilepsy, Alzheimer’s
disease, and type 2 diabetes are all associated with abnormal
astrocyte glycogen metabolism. Glycogen metabolism supports
astrocytic K� and neurotransmitter glutamate uptake and sub-
sequent glutamine synthesis—three fundamental steps in excit-
atory signaling at most brain synapses. Thus, there is abundant
evidence for a key role of glycogen in brain function. Here, we
summarize the physiological brain functions that depend on
glycogen, discuss glycogen metabolism in disease, and investi-
gate how glycogen breakdown is regulated at the cellular and
molecular levels.

Glycogen in the brain is mostly but not exclusively confined
to astrocytes (1), and astrocytic glycogen metabolism is vital for
a number of fundamental processes in the brain. For instance,
brain glycogen is affected in hypoglycemia (2). Curiously, the
glycogen level rebounds to a higher level following a single but
not repeated hypoglycemic episodes in humans (2, 3). Interest-
ingly, it has repeatedly been reported that the ability to synthe-
size or break down brain glycogen is important in learning and
memory formation (4 –7), and maladaptive learning, measured
as the conditioned response to cocaine in mice, is reduced when
glycogen breakdown is blocked (8). Thus, a linkage exists
between breakdown of glycogen and the neural plasticity
involved in both learning and addiction. In addition, glycogen
breakdown is essential for key astrocytic processes, such as
uptake of K� and neurotransmitter glutamate, and the sub-
sequent synthesis of glutamine as part of the glutamate–
glutamine cycle (9 –11). However, several details regarding the
role and regulation of glycogen metabolism in physiology and

pathology are still obscure. The importance of astrocyte glyco-
gen is somewhat enigmatic in light of the fact that the ample
supply of extracellular glucose would appear to be sufficient to
serve the brain’s energetic needs. Hence, two questions are as
follows. (i) What is it about glycogen that gives it this prominent
position in brain biochemistry and physiology? (ii) what extra-
cellular and intracellular cues regulate these processes? As will
be evident from the discussions below, we are really just begin-
ning to understand this at the cellular and molecular levels.

Glycogen in health and disease

Historically, brain glycogen was thought to be vestigial due to
the limited amount present (12). Later, glycogen was consid-
ered to constitute an emergency fuel, which was degraded only
when there was a discontinuation in the cerebral glucose sup-
ply. Now we know that degradation of glycogen is crucial for
sustaining a number of physiological processes. It should be
noted that alterations in glycogen metabolism may be a conse-
quence of the changes related to disease, rather than the under-
lying cause of disease. The altered glycogen metabolism may, of
course, bring about new complications because glycogen
breakdown is a key process involved in many aspects of proper
brain function.

Implication of glycogen in learning, memory, and Alzheimer’s
disease

Degradation of glycogen is important for learning and mem-
ory formation, as well as long-term memory consolidation (4, 5,
13, 14). Disruptions of glycogen metabolism have also been
linked to Alzheimer’s disease, potentially due to overactivation
of GSK-3 and a resulting inhibition of glycogen synthase (15).
Moreover, mice lacking glycogen synthase in the brain display a
significant deficiency in the acquisition of an associative learn-
ing task (4). Furthermore, intracerebral injection of �-amyloid
(A�(1– 42)) into 1-day-old chicks caused memory loss, which
could not be rescued by stimulation of glycogen breakdown
likely because �-amyloid impairs glycogen synthesis via activa-
tion of GSK-3 (15). Impairments in glycogen synthesis could
reduce brain glycogen levels, hampering the physiological flux
of glucose units through glycogen, which is important for learn-
ing and memory. In line with the importance of noradrenergic
regulation of flux through the glycogen shunt (11), noradrener-
gic dysfunction was proposed to be an important component of
Alzheimer’s disease (16 –18). The importance of glycogen with
regard to Alzheimer’s disease is underlined by a recent study
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that found facilitated spatial learning and increased glycogen
stores in an Alzheimer’s disease model fed a diet containing
pyruvate (19).

Implication of glycogen in seizures and epilepsy

The involvement of glycogen in glutamatergic neurotrans-
mission has repeatedly been demonstrated. Glycogen may be
converted to lactate that can be released to the extracellular
space and used by neurons or other cells as fuel (20, 21). Fur-
thermore, glycogen degradation fuels glutamate transport in
astrocytes (11, 22) or glycogen in astrocytes can be used for
synthesis of glutamine, thus serving as precursor for biosynthe-
sis of neurotransmitter glutamate (13). In line with this, it has
been suggested that reduced glycogen degradation contributes
to the imbalance of glutamatergic and GABAergic neurotrans-
mission associated with epilepsy and seizures (24). Some find-
ings indicate that epileptic animals contain alternatively struc-
tured glycogen molecules that are resistant to degradation (24),
consistent with the increased levels of hippocampal glycogen
detected in epileptic patients (25). Compatible with this, epilep-
tic seizures are the symptomatic hallmark of Lafora disease
characterized by abolished glycogen degradation (see Minire-
view by Gentry et al. (39)).

In contrast to epilepsy involving repetitive seizures, acute
kainate-induced seizures led to a dose-dependent decrease in
cerebral glycogen content (26). This indicates that under this
condition glycogen can be degraded and contributes to the
maintenance of cerebral energy homeostasis. Furthermore,
based on mathematical modeling, it was recently concluded
that glycogen is mobilized as an early event after induced
spreading of depression in rats, an event that, like seizure activ-
ity, leads to synchronized activity in brain encompassing a dras-
tic increase in local energy demand to restore ion homeostasis
(28). This may be explained by excessive neuronal activity being
associated with efflux of K�, which is subsequently removed
from the extracellular space by active transport into astrocytes
(23). In primary astrocyte cultures, glycogen is involved in fuel-
ing the removal of K� from the extracellular space (11), and in
line with this, it has been suggested that glucose is spared for
neuronal energy metabolism when glycogen is used for fueling
astrocytic K� clearance (27). In conclusion, altered glycogen
metabolism seems to be clearly involved in seizure activity and
epilepsy, although the two scenarios appear to affect glycogen
metabolism differently.

Implication of glycogen in sleep

Levels of cerebral glycogen are reduced during wakefulness,
and especially during sleep deprivation, but are replenished
during sleep (29, 30). However, it seems that all brain areas are
not equally affected by sleep and sleep deprivation (30), and
brain glycogen appears to respond distinctly to sleep depriva-
tion in different mouse strains (31). Based on the alterations in
cerebral glycogen content in response to sleep, an hypothesis
was formulated proposing that glycogen (in combination with
adenosine) was a key regulator of sleep (32). However, current
evidence does not support a direct correlation between regula-
tion of sleep and glycogen content (33). It should be noted that
the cerebral glycogen level increases only during the first 15

min of sleep and decreases slowly 20 min after awakening (34),
but otherwise the cerebral glycogen content remains quite con-
stant compatible with a persistent flux through the glycogen
shunt. Recent studies have demonstrated that pharmacological
inhibition of glycogen degradation by intracerebroventricular
(ICV)4 injection of 1,4-dideoxy-1,4-imino-D-arabinitol (DAB; a
blocker of glycogen phosphorylase and thus glycogen break-
down, see below) did not affect either rapid eye movement or
nonrapid eye movement sleep in mice (33). In contrast, ICV
injection of DAB led to a decrease in spontaneous locomotor
activity of almost 40%, suggesting that glycogen breakdown
may be linked to locomotion because sleep/a quiet wake period
is induced whenever glycogen degradation is inaccessible (33).

Astrocyte glycogen in diabetes

Diabetes is characterized by a persistent high concentration
of glucose in plasma, and it is unclear whether glucose transport
into the brain is affected (35). In a rat model of type 2 diabetes,
glycogen metabolism was impaired resulting in a lower amount
of brain glycogen (36). This is further supported by the obser-
vations that cerebral glycogen levels are reduced during hypo-
glycemia but then rebound to even higher levels during subse-
quent normo- or hyperglycemic periods (37–40). Remarkably,
this increase in glycogen content was observed only after the
first incidence of hypoglycemia and not after recurrent epi-
sodes, which led to the conclusion that impairments in glyco-
gen metabolism may be involved in hypoglycemia unawareness
(38).

Intracellular signals regulating glycogen breakdown

Intracellular elevations in the two canonical second messen-
gers, 3�,5�-cyclic adenosine monophosphate (cAMP) and Ca2�,
are required to elicit glycogen breakdown. The receptor-medi-
ated regulation of glycogen breakdown has been known for
decades and has been reviewed extensively (41). However, less
is known about the compartmentalization of the intracellular
signals and how this influences glycogen breakdown. We pre-
dict this to be an important area of future research, and thus we
devote most of this section to explore this topic, rather than
attempting to reproduce what has been previously discussed in
the review literature.

Glycogen phosphorylase

Very briefly, astrocytes express two of the three known iso-
forms of GP, i.e. the brain form, bGP, and the muscle form,
mGP (42, 43). As outlined in Fig. 1, cAMP and Ca2� may elicit
glycogen breakdown because phosphorylase kinase (PhK) that
phosphorylates, and thus activates, GP is itself activated by
Ca2� and phosphorylation by protein kinase A (PKA) (41, 44).
Activity of GP is also linked to the energetic status of the cell,
because AMP activates GP allosterically, although of the two
isoforms of GP in astrocytes, bGP responds more strongly to

4 The abbreviations used are: ICV, intracerebroventricular; PK, pyruvate
kinase; TCA, tricarboxylic acid cycle; DAB, 4-dideoxy-1,4-imino-D-arabi-
nitol; SOCE, store-operated Ca2� entry; GPCR, G protein– coupled receptor;
AC, adenylate cyclase; PhK, phosphorylase kinase; GP, glycogen phosphor-
ylase; bGP, brain GP; mGP, muscle GP; IP3, inositol 1,4,5-triphosphate;
TRPC, transient receptor potential channel.
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AMP than does mGP (41, 45, 46). For a further description of
astrocytic glycogenolysis, see Minireview by Nadeau et al.
(97).

Generation of receptor-coupled cAMP and Ca2� signals in
astrocytes

In astrocytes, cAMP and Ca2� signals may arise following
activation of G protein– coupled receptors, and mouse brain
astrocytes express �1, �2, and �1 and possibly low but func-
tionally important amounts of �2-adrenergic receptors (47, 48).
This is essential because astrocytes are thought to be a major
target of noradrenergic signaling stemming from the locus
coeruleus regulating (among others) glycogen metabolism, e.g.
in relation to the circadian rhythm, arousal, and emotional
stress (47). Thus, norepinephrine may promote or inhibit cyto-
solic cAMP signaling via G�s-coupled �-adrenergic receptors
or G�i-coupled �2-adrenergic receptors, respectively, and
induce cytosolic Ca2� signals via G�q-coupled �1-adrenergic
receptors (Fig. 1) (47). The effects of activating the different
adrenergic receptors on astrocytes for glycogen breakdown
have been studied extensively, although some studies show
somewhat conflicting results (41). Concomitant Ca2� and
cAMP signals are needed (at least in muscle) to elicit glycogen
breakdown via activation of PhK, which might explain the pres-
ence of both G�q- and G�s-coupled noradrenergic receptors on
astrocytes. The remaining part of this section will deal with
what we know and, more importantly what we need to know
about these intracellular signals.

Putative role of nonreceptor-coupled Ca2� and cAMP signals

Astrocytic Ca2� signals have been researched intensively for
the last few decades (49), whereas the other canonical second
messenger, cAMP, has received less attention, although the
protein biosensors for detecting cAMP have been available for
about 2 decades (50). We know that both cAMP and Ca2� sig-
nals may be diffusing across the cytosol or only be present in
discrete micro (or rather nano) domains within the cell (51, 52).
Clearly, this spatial compartmentalization of signaling path-
ways must influence the functional outcomes, and it has indeed
been shown to do so in different preparations (51). In Müller et
al. (53), we provide evidence that coordinated cross-talk
between Ca2� and cAMP induces astrocytic glycogen degrada-
tion, potentially allowing increases in nearby neuronal activity
to engage this important supportive astrocytic process (49, 54).
We induced store-operated Ca2� entry (SOCE) in cultured
astrocytes by depleting the intracellular stores through inhibi-
tion of the sarco/endoplasmic reticulum Ca2�-ATPase pumps
in the absence of extracellular Ca2�, and we then re-introduced
extracellular Ca2� to provoke SOCE (53). In this way, a cytoso-
lic Ca2� signal is generated in the absence of GPCR activation,
and SOCE induced a significant breakdown of glycogen within
minutes. As expected, if Ca2� and cAMP-PKA jointly activate
PhK, the breakdown was curbed by inhibition of adenylate
cyclases (ACs); because SOCE was induced separately from
GPCR activation, this indicates that the breakdown depends on
Ca2�-induced cAMP signaling, presumably by Ca2�-activated
AC isoform 8 (AC8; Fig. 1), which is present in astrocytes (48,
53). AC8 can be activated by SOCE in the absence of GPCR
activation, perhaps due in part to a physical association with
Orai1 channels (55–57), although the relative roles of TRPC
versus Orai channels for mediating SOCE remains controver-
sial (58, 59). Clearly, SOCE represents a nonreceptor-mediated
way of initiating Ca2�/cAMP-dependent glycogen breakdown;
however, in situ SOCE would only occur following an initial
cytosolic Ca2� signal depleting intracellular Ca2� stores such as
a GPCR-G�q-IP3–mediated store depletion. Thus, the AC8-
mediated cAMP signal represents a post-signaling signal aris-
ing subsequent to the initial cytosolic Ca2� signal.

Putative role of compartmentalized intracellular signals

An interesting but little explored aspect of glycogen dynam-
ics is whether compartmentalized Ca2�/cAMP-PKA signals
can selectively affect glycogen breakdown. It has been shown in
cardiac myocytes that activation of �1-adrenergic receptors
produces a far-reaching cytosolic cAMP signal, whereas activa-
tion of �2-adrenergic receptors results in a signal that is
restricted to the T-tubules (T-tubules are invaginations in the
cell membrane that allow a fast cytosolic response to myocyte
depolarization) (60)). It is therefore likely that two different
pools of glycogen are degraded upon activation of �1- and
�2-adrenergic receptors, respectively. We know from electron
micrographs of cultured astrocytes that glycogen granules in
some places line the inside of the plasma membrane but are also
present in “belts” in the cytosol (61); thus, should astrocytes
show the same compartmentalization of �-adrenergic signals,
one might expect very different glycogenolytic responses to �1-

Figure 1. Cartoon depicting the two major signaling pathways regulat-
ing breakdown of glycogen. Glycogen phosphorylase brain (bGP) or muscle
(mGP) forms are both activated by phosphorylation by a dedicated kinase,
phosphorylase kinase (PhK). In addition, bGP is only fully active in the pres-
ence of ample levels of AMP. PhK, in turn, is activated by Ca2� and phosphor-
ylation by protein kinase A (PKA), and both signals are needed for full activa-
tion. In astrocytes, cAMP may be generated by plasma membrane-bound
adenylate cyclase (AC), which in turn is regulated by the G�s or G�i protein-
coupled adrenergic receptors (AR; see text for details). Depending on the
isoform of AC expressed, Ca2� flowing in via Orai or TRPC channels activated
during store-operated Ca2� entry may activate or inhibit the cAMP signal
adding to the complexity; AC8 is activated by Ca2� and is expressed in astro-
cytes. Finally, G�q-coupled �1-adrenergic receptors may regulate glycogen
breakdown via phospholipase C (PLC)-IP3 mediated release by IP3 receptors
(IP3R) in the endoplasmic reticulum (ER).
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versus �2-adrenergic receptor stimulation. Thus, it would be
interesting to ascertain whether populations of astrocytes
functionally express either �1- or �2-adrenergic receptors
or perhaps both receptor subtypes. For instance, one could
imagine that astrocytes expressing �2-adrenergic receptors
might be tuned to release downstream metabolites from gly-
cogenolysis, such as glutamine or lactate, whereas �1-adre-
nergic receptor-expressing astrocytes may respond to nor-
epinephrine by breaking down glycogen for internal fuel or
building blocks for anaplerosis of TCA cycle intermediates.
Studying these aspects is not only interesting in terms of
exploring the basic neurobiology, but also in terms of reveal-
ing putative drug targets.

Glycogen shunt activity

Metabolism of glucose via transient incorporation into gly-
cogen, i.e. with no significant change in the amount of glycogen,
is known as the glycogen shunt. Following phosphorylation of
glucose to glucose 6-phosphate by the first enzyme of glycolysis,
hexokinase, the glucose molecule may be incorporated into gly-
cogen, a process that consumes UTP and is hence energy-de-
manding (Fig. 2). The subsequent degradation of glycogen to
glucose 6-phosphate via glucose 1-phosphate does not require
energy. This means that glucose metabolism via the glycogen
shunt produces one ATP molecule less per molecule of glucose
metabolized compared with “pure” glycolysis, i.e. one instead of

Figure 2. Cartoon depicting glucose and glycogen metabolism in the brain as well as substrate transfer between astrocytes and neurons. In astrocytes,
glucose may be metabolized via glycolysis or the glycogen shunt to pyruvate, which may be converted to lactate and transferred to neurons for oxidative
metabolism to occur. Alternatively, pyruvate may enter the TCA cycle either by way of pyruvate dehydrogenase (PDH) or via pyruvate carboxylase (PC).
Entrance of pyruvate via both of these pathways is required for de novo synthesis of glutamate and glutamine. Glutamine is not neuroactive and may be
transferred to neurons to serve as precursor for glutamate synthesis. Following vesicular release of glutamate and interactions with receptors in the postsyn-
aptic membrane, glutamate is cleared from the synapse mainly by transporters located in the astrocytic membrane. Glutamate can then be converted to
glutamine and transferred to neurons, thereby completing the glutamate– glutamine cycle.

THEMATIC MINIREVIEW: Glycogen metabolism in diseased brain

J. Biol. Chem. (2018) 293(19) 7108 –7116 7111



two ATPs. However, despite being energetically unfavorable,
glycogen shunt activity appears to operate persistently in mus-
cle as well as in brain (11, 62– 64). During increases in cerebral
energy demand, the astrocytic glycogen content will, however,
decrease (5, 64 – 68).

Functional importance of glycogen shunt activity

Although glycogen shunt activity has been revealed in both
muscle and brain (11, 62– 64), its significance and functional
importance are not clear. Abolishment of glycogen degradation
in cultured astrocytes exposed to 13C-labeled glucose led to an
increase in the percent of 13C labeling in lactate, both under
control conditions (without increasing the cells’ energy
demand) and during activation of energy requiring glutamate
transport by exposure to 250 �M D-aspartate (69). Such an
increase in 13C-labeled lactate results when flux through the
glycogen shunt is inhibited and the amount of glucose metab-
olized via glycolysis exceeds the amount metabolized when
both glycolysis and glycogenolysis are operational, i.e. glycolytic
supercompensation (11). These findings propose that the ATP
generated from glycolysis and from glycogen degradation,
respectively, is not equivalent, which may rely on functional
and/or spatial separation of these pathways. The findings may
also be in agreement with the suggestion that glycolysis and
glycogenolysis in astrocytes are complementary (70). Metabolic
separation of these pathways was previously demonstrated by
the observation that lactate derived from glycolysis and glyco-
genolysis contributes to distinct pools of lactate (71). Function-
ally distinctive roles of glycolysis and glycogenolysis have been
observed in vitro as well as in vivo. Even in the presence of
glucose, elimination of glycogen degradation in cultured astro-
cytes was demonstrated to result in reduced accumulation of
D-[3H]aspartate mediated via glutamate transporters (22). This
points toward a functional role of glycogen metabolism, which
cannot be substituted by glycolytic activity, a finding supported
by in vivo studies demonstrating that inhibition of glycogen
degradation resulted in impairment of memory consolidation
in young chickens and memory deficiency in rats, effects that
could not be rescued by glucose (5, 13).

Quantitative significance of glycogen shunt activity

Although it appears that a persistent flux of glucose units
through glycogen is of functional importance for proper brain
function, the fraction of glucose being metabolized via the gly-
cogen shunt is unclear. Norepinephrine is known to stimulate
glycogen synthesis and degradation concomitantly, i.e. acceler-
ate glycogen shunt activity (47, 72–77), and its exposure to
norepinephrine (100 �M) revealed that the glycogen shunt
accounts for �40% of total glucose metabolism under these
conditions. This might be an overestimate due to the potentia-
tion of glycogen shunt activity in the presence of norepineph-
rine. Nevertheless, this may be the best approach to the in vivo
situation where norepinephrine is present in brain at concen-
trations ranging from 1 to 15 �M, depending on the brain area
(78). It should be noted that the finding that 40% of glucose is
metabolized by way of glycogen is severalfold higher than ear-
lier reports predicting glycogen synthesis to account for only
1– 6% of total cerebral glucose consumption (79, 80). Taking

the small glycogen reservoir into account (12), a functional role
of the glycogen shunt with regard to sustaining cerebral activity
and astrocytic neurotransmitter clearance implies that mobili-
zation and the following reestablishment of glycogen are suc-
cessive events mediated within seconds, as discussed by Shul-
man et al. (62). Such a scenario would require a high glycogen
shunt activity involving only the peripheral part of the glycogen
molecule, which is compatible with the finding that the cerebral
glycogen content is remarkably constant under a wide range of
physiological conditions (81). It should be noted that there is a
dearth of data from in vivo studies evaluating the extent of glu-
cose being metabolized via the glycogen shunt. Instead, a turn-
over time constant for brain glycogen has been estimated to be
5 and 24 h in conscious rats and humans, respectively (3, 79, 82,
83). This determines the total glycogen turnover time, i.e. the
time needed for replacement of an amount of glycosyl units
corresponding to the total brain glycogen pool at any given
time. The spherical structure of glycogen and the fact that
glycogen metabolism largely follows the “last-in-first-out”
principle (84) would lead to the suggestion that the outer
part of the molecule is much more dynamic than the inner
layers. Hence, assessing a total turnover of glycogen is much
more complicated than turnover of a pool of substrate exhib-
iting random degradation, and in addition, its relevance may
be questioned.

Role of glycogen phosphorylase isoforms for glycogen shunt
activity

The activity of the GP isoforms is differentially regulated, i.e.
the muscle isoform is activated mainly via phosphorylation by
PhK, whereas the brain isoform is more responsive to allosteric
activation by AMP (46). This suggests that the two isoforms of
GP serve different purposes; mGP elicits glycogen degradation
secondary to receptor stimulation following neuronal activity,
and bGP mediates glycogen breakdown as a consequence of
energy fluctuations in the astrocytic microenvironment. We
have recently suggested that the disproportionate augmenta-
tion of glycolysis observed when glycogen degradation was
abolished, i.e. glycolytic supercompensation, be mediated pre-
dominantly as a result of hampered mGP activity (85). In line
with this, glycolytic supercompensation in vivo was detected in
response to whisker stimulation in conscious rats, i.e. as a con-
sequence of neuronal activation (64). In contrast, the glycolytic
supercompensation observed in cultured astrocytes during
exposure to D-aspartate exhibits a delay of at least 30 min in
onset (11). This may indicate that glycogen used to fuel gluta-
mate transporters is degraded (at least initially) by bGP and
relies on an increase in the intracellular AMP level, and only
sustained exposure to D-aspartate results in phosphorylation of
mGP.

Implications of glycogen in sustaining glutamatergic
neurotransmission

Glycogen as energy substrate during neurotransmission

It has repeatedly been demonstrated that lactate derived
from astrocyte glycogen is able to sustain neuronal activity in
the absence of other energy substrates (20, 67, 68, 86 – 89).
Although the physiological relevance of this may be questioned,
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glycogen degradation was also essential for maintenance of pro-
cesses related to neurotransmission in the presence of a physi-
ological glucose concentration (22, 64, 88). However, whether
the energy derived from glycogen is destined for astrocytic or
neuronal purposes is unclear. Several studies have demon-
strated that obstructing lactate transfer between astrocytes and
stimulated neurons in the absence of an exogenous energy sub-
strate results in accelerated neuronal failure (20, 67, 68, 87– 89).
It is thereby suggested that astrocytes degrade glycogen to lac-
tate, which is then oxidatively metabolized in neurons to cover
the energetic demands related to neurotransmission. This is
supported by the finding that abolishing glycogen degradation
led to a reduction in glutamate release that was comparable
with that observed when inhibiting lactate transfer between
astrocytes and neurons (22). However, the notion that glycogen
is mobilized upon decrements in the energy state of the local
microenvironment (i.e. when the intracellular AMP concentra-
tion increases) implies that glycogen sustains energy-demand-
ing processes within the astrocytic compartment. This is
supported by the observation that impeding glycogen degra-
dation in cultured astrocytes resulted in not only a dispro-
portionate increase in glycolytic activity, i.e. glycolytic
supercompensation, but also led to supercompensation of
TCA cycle metabolism (11). Moreover, following glutama-
tergic neurotransmission, glutamate clearance from the syn-
apse is one of the energy-requiring processes related to astro-
cytes, and astrocytic energy shortage may lead to reversal of the
transporter resulting in excitotoxic levels of glutamate in the
synapse (90). This, in turn, may result in neuronal failure (91,
92). It should be noted, however, that these scenarios are not
mutually exclusive, and glycogen may serve as an energy sub-
strate utilized in both astrocytes and neurons compatible with
the two isoforms of GP being activated by distinct mechanisms.

Glycogen as a precursor for the neurotransmitter glutamate

In addition to its role as an energy substrate, glycogen serves
as a precursor for glutamate and glutamine synthesis (7, 13). In
order for glycogen to provide the entire carbon skeleton of
glutamate/glutamine, the entrance of pyruvate into the TCA
cycle must occur by means of pyruvate carboxylase as well as
via pyruvate dehydrogenase (Fig. 2). Because of the impor-
tance of the glutamate– glutamine cycle for replenishment of
neurotransmitter pools (69, 93–95), inhibition of glycogen
degradation may lead to decrements in neuronal glutamate
synthesis. In agreement with this, it was demonstrated that
glutamate– glutamine cycle activity (Fig. 2) is impaired in an
obese rat model displaying hampered glycogen metabolism
in combination with a reduction in cerebral glycogen con-
tent (36). As filling of glutamatergic vesicles depends upon
the cytosolic glutamate concentration (96), this may ulti-
mately lead to impairments in neuronal glutamate release
upon depolarization. Hence, it may be speculated that a
lower vesicular glutamate release from neurons upon inhibi-
tion of glycogen degradation arises as a consequence of def-
icits in astrocytic glutamine synthesis and not (only) because
of energy deficiency.

Concluding remarks

Astrocyte glycogen plays a vital role in a number of brain
functions and is aberrant in not only neurological diseases but
also type 2 diabetes. An increased understanding of the regula-
tion and functional roles of astrocyte glycogen in health and
disease will likely uncover novel drug targets for the potential
benefit of patients.
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Lafora disease (LD) is a fatal, autosomal recessive, glycogen-
storage disorder that manifests as severe epilepsy. LD results
from mutations in the gene encoding either the glycogen phos-
phatase laforin or the E3 ubiquitin ligase malin. Individuals with
LD develop cytoplasmic, aberrant glycogen inclusions in nearly
all tissues that more closely resemble plant starch than human
glycogen. This Minireview discusses the unique window into
glycogen metabolism that LD research offers. It also highlights
recent discoveries, including that glycogen contains covalently
bound phosphate and that neurons synthesize glycogen and
express both glycogen synthase and glycogen phosphorylase.

Lafora disease: History

In 1911, Gonzalo Rodriguez-Lafora, one of Ramon y Cajal’s
(often considered the father of modern neuroscience) last great
Spanish disciples, reported autopsy results from an 18-year-old
patient with stimulus-sensitive resting and -active “myoclonus
epilepsy with dementia” and described “amyloid bodies in the
protoplasm of the ganglion cells” (1, 2). Virchow originally
defined the term “amyloid” as any substance that stained in a
manner similar to starch (3). The deposits were later shown to
be glycogen-derived accumulations of water-insoluble, starch-

like polyglucosans and were named Lafora bodies (LBs)2 (4, 5).
Gabriel Schwarz named the disease Lafora disease (LD, OMIM
254780), established it as an autosomal recessive disease, and
was the first to demonstrate the EEG 4 – 6-Hz polyspike waves
in LD and to use muscle biopsies to diagnose patients (6).

LD is an invariably fatal epilepsy that equally affects both
sexes (7–9). Onset is in adolescence, in apparently healthy teen-
agers, with absence seizures and/or visual auras. Patients then
typically experience generalized tonic– clonic seizures and
insidious decline in cognitive function. LD at onset is difficult to
separate from the idiopathic generalized epilepsies. Myoclonic
seizures, staring spells, and generalized convulsions follow, and
all escalate over time. LD patients also develop highly frighten-
ing epileptic and nonepileptic visual hallucinations. Initial
response to antiepileptic drugs is lost within 3 years and a con-
stant myoclonus ensues. The young person develops severe
dementia, seizes with increased frequency, becomes bedridden,
and death comes in the form of a particularly massive seizure or
aspiration pneumonitis (10 –12).

Lafora disease: Molecular causes

LD research was revolutionized in 1995 when Serratosa et al.
(13) used linkage analysis and homozygosity mapping to locate
the first chromosome locus, 6q23-25, for Lafora disease. Posi-
tional cloning by the Minassian and Serratosa labs (14, 15)
resulted in the discovery of the Epilepsy, Progressive Myoclo-
nus 2A (EPM2A) gene encoding the phosphatase laforin. Muta-
tions in EPM2A account for �50% of LD cases; hence, a quest
for the second LD locus ensued. Scherer and co-workers
(16) identified Epilepsy, Progressive Myoclonus 2B (EPM2B/
NHLRC1) in 6p22 as the second LD locus encoding the protein
malin.
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Laforin is a 331-amino acid bimodular protein that contains
a carbohydrate-binding module followed by a dual-specificity
phosphatase domain (Fig. 1A). Multiple groups demonstrated
that laforin dephosphorylates glycogen and phosphorylated
glucans and proposed that loss of laforin results in hyperphos-
phorylated glycogen that disrupts glycogen branching or
debranching and leads to longer glucose chains that develop
into LBs (Fig. 1B) (17–21). This hypothesis was corroborated by
Roach and co-workers (19, 20, 22) using a laforin-deficient
mouse model that forms LBs and develops epilepsy showing
that laforin dephosphorylates glycogen both in vitro and in vivo.
Additionally, the recent X-ray crystal structure of laforin eluci-
dated how laforin binds and dephosphorylates glycogen (23).

Although laforin is a glycogen phosphatase, malin contains a
RING domain and six NHL repeats characteristic of a class of
E3 ubiquitin ligases (Fig. 1C) (24). Dixon and co-workers (25)
demonstrated that malin is an E3 ubiquitin ligase. Using cell
culture systems as well as purified proteins, multiple groups
reported that malin uses laforin as an adaptor protein or scaf-
fold to polyubiquitinate protein targeting to glycogen (PTG)
(26 –30). PTG is a targeting subunit of protein phosphatase 1
(PP1) that dephosphorylates and activates glycogen synthase
(31). Thus, it was proposed that malin forms a complex with
laforin and regulates proteins involved in glycogen metabolism
through ubiquitin-dependent proteasomal degradation. Addi-
tional cell culture work also identified glycogen-debranching
enzyme and glycogen synthase as targets for malin ubiquitina-
tion (26, 28). However, the protein levels of these presumptive
malin targets were not up-regulated in tissue from malin
knockout (KO) mice with the exception of glycogen synthase
(32–34). Yet for glycogen synthase, the total activity is
unchanged in WT versus malin KO tissues, and the increased
protein corresponds to an inactive form that accumulates in
LBs. Collectively, the data demonstrate that malin does not tar-
get these proteins for proteasomal degradation, and the defin-
itive function of malin in glycogen metabolism is unresolved
(32). Nonetheless, malin is a ubiquitin ligase, and it likely mod-
ulates some aspect of glycogen metabolism.

After identification of the genes encoding laforin and malin,
essentially all the Lafora research groups embarked on the elu-
cidation of possible mechanisms to link protein function with
the disease. From this work, several results and conclusions
have become accepted: laforin is a glycogen phosphatase in
vivo; neurons express both glycogen synthase and glycogen
phosphorylase; neurons contain low levels of glycogen; neuro-
nal glycogen provides protection during oxygen deprivation;
and overaccumulation of neuronal glycogen leads to neuronal
loss, locomotion defects, and reduced life span. These results
also demonstrated that LD is a glycogen storage disease (GSD)
and that suppressing glycogen synthesis and LB formation is a
promising approach to attack Lafora disease.

Glycogen: Structure and metabolism

This topic is discussed in detail in this Minireview series by
Prats et al. (99), so we only briefly describe glycogen structure
and metabolism. Glycogen is the major mammalian storage
carbohydrate and plays an important role in energy metabo-
lism. Glycogen is composed of glucose units joined by �-1,4-
glycosidic linkages with branches occurring every 12–14 units
via �-1,6-glycosidic branches (Fig. 2A). In mammals, the two
major deposits of glycogen are in the liver and skeletal muscle,
but many organs, notably the brain, also synthesize the polysac-
charide. Glycogen is synthesized through the cooperative
action of three enzymes, namely glycogen synthase (GS), glyco-
genin, and glycogen-branching enzyme, using UDP-glucose
(UDP-Glc) as the glucose donor. A glycogenin dimer initiates
the glycogen polymer by autoglucosylation of a conserved tyro-
sine residue leading to an �-1,4-linked chain of 8 –12 glucose
units (35). This oligosaccharide remains attached to glycogenin
and forms a primer that is converted into a full-size glycogen
particle by the combined actions of glycogen synthase and
branching enzyme (35). The coordinated action of these
enzymes results in a properly branched glycogen molecule that
is soluble and can be readily degraded by glycogen phosphoryl-
ase (GP) and debranching enzyme. Branches within glycogen
are evenly distributed, resulting in a spherical-like structure
with exposed nonreducing chain ends. This unique organiza-
tion allows cells to store up to �55,000 glucose units/molecule
in a water-soluble form that can be rapidly degraded when the
cell or the body requires energy. Additionally, glycogen con-
tains trace amounts of covalently attached phosphate, and
recent work has demonstrated the importance of these phos-
phate moieties in both Lafora body generation and LD (19,
20, 33).

Glycogen synthesis and degradation are highly regulated pro-
cesses that contribute to glucose homeostasis. Several mecha-
nisms allow for control of GS activity, including, but not limited
to, phosphorylation, allosteric activation, and intracellular
localization. Regulated breakdown of glycogen is mediated by
a cytosolic pathway involving glycogen phosphorylase and
glycogen-debranching enzyme. Glycogen is also transported to
lysosomes where it is directly hydrolyzed to glucose by a lyso-
somal �-glucosidase (35). Glycogen is degraded to combat
ischemia in the brain, to fuel muscle contraction, and to gener-
ate free glucose in the liver to oppose hypoglycemia. One might
then wonder whether the abnormal glycogen of LD disturbs

Figure 1. A, schematic of laforin. CBM, carbohydrate-binding module; DSP,
dual-specificity phosphatase. B, glycogen is a soluble branched glucose poly-
mer. The EPM2A gene encodes the glycogen phosphatase laforin, and EPM2B
encodes the E3 ubiquitin ligase malin. Mutations in EPM2A or EPM2B result in
glycogen that is hyperphosphorylated (red circles) and has disrupted glucose
chain branching. This abnormal, less-soluble glycogen aggregates to form
the Lafora bodies that cause Lafora disease. C, schematic of malin. RING, E2
interacting domain; NHL, protein interaction domain.
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glucose homeostasis, as it does in some GSDs. An initial study
suggested this might be the case, but the most recent study
indicates no change in whole-body glucose metabolism in LD
mouse models (36, 37). Furthermore, there is no clinical evi-
dence for hypoglycemia in LD patients.

Glycogen: Phosphorylation and LBs

Glycogen, LBs, and plant starch are all composed of �-1,4-
linked glucose residues with �-1,6-glycosidic branches (Fig.
2A). A major difference is water solubility with glycogen being
water-soluble and both LBs and plant starch being water-insol-
uble (5, 38, 39). Elegant studies in the 1960s demonstrated that
there are two sizes of LBs (type I and type II) and proposed that
LBs are more similar to plant starch than to human glycogen (4,
5). Starch is the major repository of glucose units in plants. It
comprises two polymers: amylose that is essentially a linear
polymer of �-1,4-linked glucose residues and amylopectin that
contains �-1,4-linked glucose residues with �-1,6-glycosidic
branches. Starch is water-insoluble due to the longer 15–25�
glucose unit chains within amylopectin and an uneven
branching pattern that together allow glucose chains to form
helices (Fig. 2B) (40). These helices exclude water so as to pack
in a semi-crystalline structure and render starch water-insolu-
ble (41). Reversible phosphorylation of starch has a clearly
defined function in transitory plant starch where plants utilize a
cycle of starch phosphorylation, degradation, and dephosphor-
ylation (42, 43). Plants synthesize transitory starch in their
leaves during the day and then release the energy cache at night.
However, the semi-crystalline lattice of glucose chain helices
prevents efficient amylase degradation of the starch granule.
Phosphorylation of glucose at the C6 and C3 hydroxyls by glu-
can water dikinase and phospho-glucan water dikinase, respec-
tively, sterically disrupts the helices and allows efficient degra-
dation of the outer glucose layer by amylases. The amylases can
release glucose down to the phosphate moiety but do not effi-
ciently release glucose units past the phosphate. The glucan
phosphatases starch excess 4 (SEX4) and like sex four 2 (LSF2)
remove the phosphate, thereby resetting the cycle so that the
next layer of helices can be phosphorylated and the cycle
repeated (41, 43– 45). The amount of phosphate within starch

depends on the source, ranging from 0.034 phosphate per thou-
sand glucose residues to 2.73 in potato tuber (Fig. 2C) (41, 46,
47). Additionally, starch phosphorylation is a dynamic process,
and the starch surface has higher amounts of phosphate during
the night versus the day.

Studies from the 1980s and 1990s demonstrated that glyco-
gen contains trace amounts of phosphate (48 –50). Whelan and
co-workers (48) postulated that the glycogen phosphate con-
tent may relate to the age of the glycogen granule with increased
phosphate being a metabolic marker to promote lysosomal deg-
radation of glycogen. As discussed above, glycogen is degraded
via the action of GP and glycogen-debranching enzyme, but it is
also degraded via the lysosome in a process recently termed
“glycophagy” (51). Phosphate might be a marker to distinguish
these two pathways. Alternatively, a recent study (52) reported
that laforin and glycogen phosphate play a role in glycogen
remodeling following exhausting exercise. They showed that
phosphate content remained low in WT mice following exer-
cise-induced glycogen depletion even after glycogen levels and
branching were restored. However, re-establishment of the ini-
tial glycogen-branching pattern was delayed in laforin KO
mice.

Roach and co-workers (22, 54, 55) and Minassian and co-
workers (53) have demonstrated that LBs contain an increased
proportion of phosphate monoester groups covalently attached
to hydroxyls at the C2-, C3-, and C6-positions, and they possess
longer glucose chains than glycogen (Fig. 2A). They also
showed that the physicochemical properties of overaccumu-
lated muscle glycogen were significantly altered in laforin KO
mice, the polysaccharide becoming less water-soluble and more
aggregated, consistent with a greater tendency to precipitate in
LBs (19). Although LBs possess longer glucose chains, there is
no glycogen synthase hyperactivity nor branching enzyme defi-
ciency in LD that could directly explain the change in branching
or LB formation (56). An initial hypothesis was that phosphor-
ylation at the C6-position might physically block chain forma-
tion. More recent data demonstrate that the stoichiometry of
glycogen phosphate is low with only 1 phosphate per 300 glu-
coses to 1 phosphate per 3000 (Fig. 2C), depending on the

Figure 2. A, glucose is linked by �-1,4- and �-1,6-glycosidic bonds, and it is phosphorylated at the C2-, C3-, and C6-positions (red circles). B, glucose chains of
plant amylopectin and LBs are longer than glucose chains in glycogen and are proposed to form helices. C, stoichiometry of covalently attached phosphate to
different glucans. D, concentration of glycogen in different cell types.
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source (22, 53, 54). Thus, no more than 1% of the potential
branch points are blocked. Even with the increased phosphor-
ylation in LD, the level of C6 phosphorylation is likely too low to
directly impact branch formation. Another hypothesis is that
phosphorylation may disrupt the complex hydrogen bonding
and other interactions that stabilize glucose chains within gly-
cogen, similar to what is seen in plants. This hypothesis may
account for the gross chemical differences between glycogen
and LBs, but the exact mechanism by which branching is
decreased is unresolved.

The mechanism responsible for the introduction of phos-
phate into glycogen remains an active area of study. There is no
biochemical or bioinformatic evidence for the existence of gly-
cogen dikinases akin to the enzymes that phosphorylate plant
starch. Roach and co-workers (54, 55) reported that glycogen
synthase can transfer the �-phosphate of UDP-glucose into gly-
cogen as a rare (1 in �10,000 catalytic cycles) side reaction.
They proposed the formation of a cyclic glucose phosphodi-
ester intermediate in the active site that could account for phos-
phate at the C2-position and possibly at the C3-position, but
they could not explain the phosphorylation at C6. Therefore,
other mechanisms must also be operative (57). Validating the
hypothesis of a cyclic glucose phosphodiester intermediate is
especially challenging, but a crystal structure of yeast glycogen
synthase with glucose-1,2-cyclic phosphate bound showed that
the catalytic site could accommodate the cyclic phosphate in a
manner consistent with the proposed mechanism (58). In addi-
tion, incubation of glycogen synthase with UDP-Glc results in
the generation of glucose-1,2-cyclic phosphate. Because of the
results with glycogen synthase, Roach (59) went so far as to
propose that the phosphate had no biological function and was
perhaps simply the result of a minor side reaction, in which case
laforin could be viewed as a repair or damage control enzyme by
keeping the phosphorylation level within tolerable limits.
Though excessive phosphate in glycogen may be detrimental,
whether the phosphate normally has a biological role is some-
what of a mystery.

Less controversial is the idea that laforin dephosphorylates
glycogen, and some studies have begun to address the site spec-
ificity. Analysis of glycogen from laforin and malin KO mice
indicated similar proportional increases in C6 and C2 � C3
phosphate in glycogen, indicative of broad laforin specificity
(22). Kooi and co-workers (60) explicitly examined this issue in
vitro, showing that laforin can dephosphorylate both the C3-
and C6-position of glycogen, but preferentially dephosphory-
lates the C3 position. Some LD patient mutations in laforin
alter the C3/C6 specificity, suggesting that phosphorylation of
different positions may have differential effects on glycogen, as
is known to be the case with starch (60). Future studies are
necessary to define this additional dimension of glycogen
metabolism.

Glycogen in neurons

Glycogen functions as an energy reserve that is predomi-
nately found in the liver and skeletal muscle, but the brain is the
organ most susceptible to decreases in glucose availability (61,
62). In fact, the brain is partly protected from hypoglycemia via
elaborate blood glucose homeostatic mechanisms whereby the

liver supplies glucose, derived from glycogen or gluconeogene-
sis, to the bloodstream as dictated by nutritional status. Addi-
tionally, the brain possesses glycogen reserves that were initially
thought to simply be emergency energy stockpiles, but recent
data suggest that this glycogen participates in multiple aspects
of neural activity. However, the metabolism of brain glycogen is
a complex process that is incompletely understood, and oppos-
ing opinions exist regarding its function and the mechanisms of
energy substrate utilization. Many of these differences arise due
to the difficulty of studying glycogen in the brain because of its
rapid degradation ex vivo during purification, its sensitivity to
stimuli via multiple signaling mechanisms, and the lack of tem-
poral-spatial resolution in vivo. These technical hurdles have
contributed to controversies regarding both the fate of glucose
once it enters the brain both in neurons and glia and differing
opinions regarding metabolic shuttling of glucose metabolites
between cells in the brain. Most notably among these contro-
versies is the astrocyte–neuron lactate shuttle hypothesis
(ANLSH). Multiple recent reviews capture these opinions and
controversies in great detail (62–66). Thus, we will not address
these issues, but rather highlight the unique insights obtained
regarding neuronal glycogen from studying LD.

Total brain glycogen ranges from 15 to 100 nmol of Glc/mg
of protein (Fig. 2D) with astrocytes containing substantial
amounts of glycogen (60 –200 nmol of Glc/mg protein; Fig. 2D),
especially in areas with high synaptic density (67–70). During
the past 20 years, the perceived role of brain glycogen has
shifted from an emergency energy supply to a dynamic partic-
ipant in brain metabolism (62, 64). For example, (i) both mice
and young chickens lacking glycogen in the brain show an
impairment in long-term memory formation and in synaptic
plasticity (71, 72). (ii) Clearance of extracellular K� ions
appears to be fueled by glucose 6-phosphate generated from
glycogen (73, 74). In the absence of K� ion clearance, neuronal
hypersynchronization burst firing and seizures occur. (iii) The
metabolism of glutamate, the most important excitatory neu-
rotransmitter in the CNS, is linked with glycogen metabolism
(75, 76). These studies suggest that excess glutamate is shuttled
into glycogen, whereas the decreased glycogen breakdown
leads to glutamate deficiency. (iv) One of the most potent pro-
convulsant drugs, L-methionine-SR-sulfoximine, promotes for-
mation of masses of abnormally structured glycogen (62). Mice
that resist formation of these malstructured glycogen particles
resist the proconvulsant effect of the drug through unknown
mechanisms (62). Conversely, mice devoid of brain glycogen
show an increased susceptibility to kainate-induced epilepsy
(77). (v) In cases of common refractory epilepsy, mesial tempo-
ral lobe epilepsy, up to 50% of cases show abundant, sometimes
profuse, polyglucosan bodies, indistinguishable from LBs, in
surgically resected tissue (78, 79). These and other data are
establishing an as yet poorly understood link between glycogen
metabolism and epileptogenesis. The surprisingly severe epi-
lepsy of LD renders this disorder, and its further elucidation, an
entryway to understanding this poorly explored but possibly
critical facet of epilepsy and epilepsy intractability.

Although many cell types in LD patients develop LBs, neu-
rons are especially susceptible to energy perturbations; thus,
LBs trigger neuronal apoptosis, LD, and ultimately early death
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(38). The CNS is an interesting case in relation to glycogen
metabolism. In embryonic stages, glycogen appears both in glial
and neuronal cells, but in adults glycogen is almost exclusively
found in astrocytes (80). However, paradoxically, adult neurons
express glycogen phosphorylase (81, 82). Guinovart and co-
workers (28, 83) demonstrated that neurons also express glyco-
gen synthase and glycogen phosphorylase, thereby conferring
them the capacity to synthesize and degrade glycogen. They
also revealed that cultured neurons contain low levels of glyco-
gen (6 nmol of Glc/mg of protein) (Fig. 2D) (83). Furthermore,
glycogen metabolism protects both cultured primary neurons
and in vivo fly neurons during oxygen deprivation, thus dem-
onstrating a functional role for neuronal glycogen (83). These
discoveries were remarkable because until then it had been
widely accepted that neurons do not accumulate glycogen.

Although glycogen synthesis occurs in neurons, it must be
tightly controlled because overaccumulation (�400 nmol of
Glc/mg of protein) induces neuronal apoptosis (28). Strikingly,
when primary neurons are forced to overaccumulate glycogen,
they produce a poorly branched glucose polymer reminiscent
of an LB that induces neuronal apoptosis (28). This finding was
confirmed in vivo by overexpressing an active form of GS in
neurons of mice and flies, independent of manipulating laforin
or malin (84). Guinovart and co-workers (28, 83) demonstrated
that progressive glycogen accumulation in mouse and Drosoph-
ila neurons leads to neuronal loss, locomotion defects, and
reduced life span, supporting the hypothesis that aberrant gly-
cogen accumulation is the etiological cause of autophagy
impairment, neuronal apoptosis, and LD.

Cumulatively, these data contradict the widely held view that
neurons do not contain glycogen. Additionally, these results
settle the apparent paradox of how a cell type that was thought
to have no capacity to synthesize glycogen accumulates Lafora
bodies.

LD mouse models establish disease mechanisms and
therapeutic options

Several mouse models of LD have been generated (32–34,
85– 88). Yamakawa and co-workers (86) generated the first
laforin LD mouse model and demonstrated that whole body,
laforin-deficient mice form LBs and are more prone to epileptic
activity. Multiple laboratories independently generated malin-
deficient mouse models that recapitulate LD (Fig. 3A) (32–34).
The Minassian, Roach, DePaoli-Roach, Guinovart, and Sanz
laboratories have all generated KO LD mouse models as well as
double KO models. Glycogen content in the brains of laforin or
malin KO animals is more than double that of WT animals (32,
34, 87– 89). This increase was accompanied by progressive loss
of neuronal cells and the consequent neurophysiological alter-
ations, namely changes in the electrophysiological properties of
hippocampal synapses and an increased susceptibility to kain-
ate-induced epilepsy (34). Thus, each LD model to date repli-
cates LB formation, spontaneous myoclonus, and reduced
threshold for convulsions.

Despite the long-recognized accumulation of aberrant glyco-
gen in LD, there was still no direct evidence whether the accu-
mulation of glycogen is the cause of LD. The LD mouse models
and cell culture models exhibit perturbations in more than just

glycogen metabolism. Mice and cells lacking laforin and/
or malin display increased endoplasmic reticulum stress,
autophagy impairment, and reduced clearance of misfolded
toxic proteins through the ubiquitin proteasome system (85,
90 –92). Each of these pathways was proposed as an alternative
underlying cause of LD instead of LBs. Some hypothesized that
laforin and malin directly regulate these cellular processes.
One hypothesis postulated that the loss of malin or laforin
results in an autophagy defect, and autophagy was proposed
as the primary cause of LD neurodegeneration. Under these
circumstances, the accumulation of LBs could be a mere
epiphenomenon.

However, several groups independently and definitively
demonstrated that LBs are the cause of LD myoclonus epilepsy
and neuronal apoptosis using multiple mouse models as fol-
lows. 1) Laforin KO mice lacking Ptg exhibit reduced LB
accumulation, resolved neurodegeneration, and resolved
myoclonic epilepsy (Fig. 3B) (88). 2) The lack of Ptg in malin-
deficient mice nearly completely eliminates LBs and rescues
the neurodegeneration, myoclonus, seizure susceptibility,
and behavioral abnormality (87). 3) Malin-deficient mice
lacking glycogen synthase (Gys1) are devoid of LBs, exhibit
normal electrophysiological properties, show decreased sus-
ceptibility to kainate-induced epilepsy, and do not exhibit
increased neurodegeneration (89). 4) Malin-deficient mice
lacking one Gys1 allele, and thus showing reduced GS
expression, partially rescue the phenotype (89).

Results from these mouse models demonstrate that de-
creased or complete absence of the glycogen synthesis machin-
ery ablates LB formation, neurodegeneration, and epilepsy.
Additionally, it is important to highlight that malin-deficient
mice lacking Gys1 also exhibit normal autophagy, strongly sug-
gesting that malin does not regulate autophagy but rather LBs

Figure 3. A, periodic acid-Schiff (PAS) staining of cerebellum and soleus sec-
tions from WT mice show few stainable structures. Conversely, Epm2b�/�

mice exhibit dramatic numbers of stainable polyglucosans, i.e. LBs. Arrows
indicate examples of areas rich in LBs. Data are modified from Ref. 32. B,
periodic acid-Schiff staining of Epm2a�/� skeletal muscle reveals dramatic
accumulations of LBs. Mice lacking both Epm2a and Ptg display minimal to no
LBs. Data are modified from Ref. 89.
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trigger autophagy impairment (89). These results demonstrate
that other cellular perturbations are consequences of aberrant
glycogen accumulation, i.e. LBs, rather than being directly reg-
ulated by malin or laforin.

Thus, excessive glycogen accumulation appears to be
responsible for the observed defects in malin and laforin KO
mice, including their epilepsy and neurodegeneration. Also, the
finding that deletion of one Gys1 allele partially rescues the
pathological phenotype and wholly rescues the neurological
phenotype strongly suggests that partial inhibition of glycogen
synthase activity prevents disease progression. This hypothesis
is further strengthened by the finding that the absence of Ptg by
itself, which decreases glycogen accumulation by 50%, also
resolves the murine disease. Cumulatively, these groups have
shown in the LD mouse models that reducing glycogen synthe-
sis by 50 –100% through knockouts of the glycogen synthase
gene or the glycogen synthase activator Ptg gene rescue murine
LD. These findings suggest that glycogen accumulation is
responsible for the epilepsy and functional consequences seen
in the LD mouse models, defining LD as a glycogenosis. More
importantly, they demonstrate that down-regulation of glyco-
gen synthesis eliminates LBs and rescues LD.

An emerging link between glycogen metabolism and
epilepsy

LD offers a unique window into both normal neuronal glyco-
gen metabolism and epileptic disease when this metabolism is
perturbed. Although much effort focuses on defining the basic
mechanisms of LD and translating this work into therapeutics,
it may reveal pathogenic mechanisms related to common epi-
lepsies. These insights may be particularly informative to the
most daunting aspect of epilepsy, namely the intractability that
afflicts over 30% of patients. The mechanisms by which LD
glycogenosis affects neurons and neuronal networks to gener-
ate an intractable seizure disorder are intriguing. There are sev-
eral lines of evidence that implicate abnormal glycogen in the
generation of seizures and epilepsy.

First, a recent study and accompanying review suggested that
epilepsy may be as much a disease of energy metabolism as of
neuronal discharge (93, 94). Sada et al. (94) demonstrated that
blocking lactate dehydrogenase (LDH), the metabolic enzyme
proposed by the ANLSH to provide astrocyte–neuron cross-
talk, ablated neuronal excitation both in vitro and in an epilepsy
animal model. Furthermore, they demonstrated that the anti-
seizure drug (ASD) stiripentol inhibits LDH (94). The authors
surmise the mechanism of action is to block lactate generated
from astrocytic glycogen from being shuttled to neurons and
being utilized as a key energy source when energy consumption
is increased, i.e. during seizures. A subsequent study by
Samokhina et al. (95) studying epileptogenesis showed neuro-
nal release of lactate rather than uptake. They concluded that
blocking LDH instead causes energy deprivation via pyruvate-
induced inhibition of glycolysis. These results are similar to
those of Hall et al. (96) reporting that inhibition of LDH did not
interferewithneuronalmetabolism,andlactateshuttlingisincon-
sistent with their data. Given these opposing conclusions, there
is clearly more work to do in this arena. Regardless of the mech-
anism, the physiologically relevant targets of other ASDs are

currently unknown, with many only modestly affecting ion
channels; thus, other ASDs could also target key metabolic
enzymes.

Other studies have demonstrated that normal glycogen is
needed to clear extracellular K�, because the astrocytic Na�/
K�-ATPase uses ATP generated from glucose 6-phosphate
originating from glycogen breakdown and only from glycogen
breakdown (73–75). Nonclearance of extracellular K� results
in neuronal hypersynchronization and burst firing, the critical
mechanism of seizure generation and propagation. Therefore,
normal glycogen is essential to controlling hyperexcitability
and seizures (62, 77). In addition, normal glycogen synthesis
and breakdown are critical to the homeostasis of glutamate, the
most important excitatory neurotransmitter in the brain (62).
Furthermore, mesial temporal lobe epilepsy is one of the most
common types of refractory epilepsy. In tissue from refractory
cases going to surgery, up to 50% of patients show abundant,
sometimes profuse, polyglucosan bodies, indistinguishable
from LBs, indicating an important yet poorly studied link
between the accumulation of an abnormal glycogen and refrac-
tory epilepsy (78, 79). Recent work has demonstrated that neu-
ronal death in LD could be influenced by secondary cellular
insults via impairment in proteostasis mechanisms (97, 98).
Although these data are convincing, there is clearly much more
work to elucidate links between proteostasis, aberrant glycogen
metabolism, and epilepsy.

Defining the basic mechanisms of LD and translating these
findings into therapeutic options may provide insight into the
cause of intractability in epilepsy and may lead to rational
approaches to new therapies.

Conclusions

The central theme of LD revolves around the overaccumula-
tion of aberrantly structured glycogen as follows: LBs largely
consist of aberrant glycogen resulting from mutations in two
critical enzymes; laforin binds and dephosphorylates glycogen;
and the E3 ubiquitin ligase malin ubiquitinates enzymes
involved in glycogen metabolism. LD is thus one of the family of
glycogen storage diseases and offers a unique window into
neuronal glycogen metabolism and disease. Despite glycogen
metabolism being a mainstay in textbooks, work on LD has
yielded a number of novel advances in our understanding of
glycogen metabolism: 1) glycogen contains covalently bound
phosphate; 2) laforin binds and dephosphorylates glycogen; 3)
neurons express both glycogen synthase and glycogen phos-
phorylase; 4) neurons synthesize glycogen; and 5) aberrant gly-
cogen accumulation causes autophagy impairment.

The LD field has generated a number of in vitro biochemical
and structural techniques, in situ cell culture models, and in
vivo mouse models. The quest now begins to utilize these sys-
tems to translate the cellular, structural, biochemical, and phys-
iological insights into putative treatments. Although these
hypotheses are directly applicable to LD, future findings may
impact other epilepsies by targeting key cellular processes as a
basis for treatment. Additionally, these findings may assist in
resolving some of the controversies surrounding the relation-
ship and mechanisms of energy metabolism in neurons and
astrocytes.
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In this sequel to the thematic collection of Minireviews on
redox metabolism and signaling published last year, five articles
plumb the redox metabolic pathways relevant to cell prolifera-
tion, stress response, and survival post-detachment from the
extracellular matrix. The sixth article provides unexpected
insights into the hepatic NAD(P)ome, revealing that more than
half of these proteins reside outside the cytoplasmic and mito-
chondrial compartments, pointing to the paucity of knowledge
on their functions. Collectively, these articles highlight the met-
abolic adaptability of proliferating cells to meet redox needs, the
use of lipids to mediate mitochondrial stress responses, and the
need for tools to interrogate compartment-specific pool sizes
and oxidized/reduced ratios of antioxidants and lipids involved
in redox homeostasis.

In the first review (1), Hosios and Vander Heiden discuss the
integration of redox cofactor requirements with metabolic
activity needed to support mammalian cell proliferation. Bio-
mass synthesis during cell proliferation requires redox equiva-
lents to convert nutrients to lipids, proteins, and nucleotides.
The NAD�/NADH and NADP�/NADPH ratios are tightly
regulated to serve their primary roles in nutrient oxidation and
biosynthesis, respectively. Transamination reactions, although
redox-neutral, link to the cellular redox status, interconverting
the more oxidized keto to the less oxidized amino acid. One-
carbon metabolism connects amino acid, redox, and nucleotide
metabolism and is key to sustaining proliferation. This excel-
lent overview of metabolism from a redox perspective high-
lights the metabolic adaptability of proliferating cells to nutri-
ent availability and growth conditions.

In the second review (2), Kong and Chandel discuss mecha-
nisms for regulating reactive oxygen species (ROS)2 in cancer
and T cells, which interact in the context of antitumor immu-
nity. The mitochondrial electron transfer chain and NADPH
oxidases are the major sites of ROS generation. A host of fac-
tors, including metabolic activity and cellular signaling path-

ways, can activate ROS production, while an army of antioxi-
dant defenses, localized in all the major cellular compartments,
counters ROS. Paradoxically, cancer cells exhibit expanded
pro- and antioxidant capacity induced by mutations in onco-
genes or tumor suppressors. The spatiotemporal control of
pro-tumorigenic ROS signaling with concomitant protection of
collateral oxidative damage of cellular targets is poorly under-
stood. ROS signaling is also crucial for T cell activation and
expansion, as is an enhanced capacity to limit ROS-dependent
damage at distal sites. The review concludes with a discussion
of the therapeutic potential of antioxidants with spatial and
temporal targeting in immune and/or cancer cells.

In the third review (3), Goodman, Calvo, and Mootha discuss
challenges with studying the spatiotemporal compartmental-
ization of NAD(P)H metabolism. The paucity of information
on compartment-specific pyridine nucleotide pool sizes and
their oxidized/reduced ratios limits interpretation of redox
metabolic data. Using bioinformatic analysis, the authors
report a set of 426 NAD-linked gene products, of which 352 are
expressed in human or murine liver. A subset of these enzymes,
which are involved in NAD(P)� biogenesis, is highly enriched
in liver, suggesting a role for this organ in systemic NAD(P)
metabolism. Surprisingly, less than half (�40%) of the hepatic
NAD(P)ome is predicted to localize to the cytosol or mitochon-
dria, with organelles such as the nucleus, peroxisome, and
endoplasmic reticulum hosting a number of these proteins.
Overlay of the NAD(P) proteome data with transcriptome data-
sets reveals differential gene expression between fasting versus
feeding states and during the circadian cycle. The development
of genetic tools for measuring and modulating pyridine nucle-
otide pools and their reduced-to-oxidized ratios is opening
doors to distinguishing whether they drive or merely report on
metabolic changes and to determine their roles in disease.

In the fourth review (4), Nielson and Rutter discuss the
involvement of lipids in mitochondrial stress signaling path-
ways. Diverse functions ranging from protein complex assem-
bly and electron transfer activity to mitophagy are regulated by
lipids. In response to damage, cardiolipin relocalizes from its
almost exclusive presence in the inner to the outer mitochon-
drial membrane where, together with ceramide, it recruits
autophagosomes for mitophagic elimination of mitochondria.
Ceramides are also implicated in apoptosis, forming stable
outer membrane channels with BAX and allowing escape of
cytochrome c. Sphingosine 1-phosphate in complex with pro-
hibitin, a mitochondrial chaperone, is important for assembly
of complex IV. Oxidation of ergosterol in the outer membrane
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to its peroxide derivative induces mitochondrial associated
protein degradation via recruitment of the VMS1–CDC48
complex or the ribosome quality control system. Technological
advances that enable identification of lipid–protein interac-
tions and assessment of lipid abundance and localization will
continue to shape our nascent understanding of how lipids
mediate cell signaling.

In the fifth review (5), Solmonson and DeBerardinis discuss
the understudied role of lipoate-dependent 2-ketoacid dehy-
drogenases in both modulating and being modulated by mito-
chondrial redox metabolism. The mitochondrial lipoate– de-
pendent multienzyme complexes, pyruvate dehydrogenase,
branched chain amino acid dehydrogenase, 2-oxoadipate de-
hydrogenase, and �-ketoglutarate dehydrogenase, generate
products, i.e. acetyl-CoA or succinyl-CoA, which are TCA
cycle intermediates. Hence enzymatic reactions dependent on
lipoate, which is derived from the octanoic acid, link fatty acid
synthesis to the oxidative capacity of the TCA cycle. The FAD-
containing E3 subunit (dihydrolipoamide dehydrogenase)
regenerates reduced lipoate and is shared between the various
2-ketoacid dehydrogenases. E3 activity is sensitive to the mito-
chondrial NAD�/NADH ratio, and electrons can leak from
FADH2 to O2, forming superoxide when NAD� levels are low.
ROS production is reversibly inhibited by glutathionylation of
the lipoyl moiety in the E2 subunit. Interaction of the E3 sub-
unit with thioredoxin 2 links the activities of these dehydroge-
nases to yet another cellular redox system.

In the sixth review (6), Hawk and Schafer discuss the perti-
nence of redox metabolism to survival of cancer cells detached
from the extracellular matrix (ECM). Successful metastasis

relies upon evasion of cell death by anoikis, autophagy, or ento-
sis. Detachment from the ECM induces a variety of metabolic
changes that impact ROS levels. Depending on the oncogenic
background, ROS can promote or inhibit survival of ECM-
detached cells. Antioxidants such as NADPH, ascorbate, and
GSH, as well as antioxidant systems such as thioredoxin, super-
oxide dismutase, and NAD(P)H-quinone oxidoreductase-1,
can contribute to anchorage-independent survival. Further-
more, amino acid metabolism (e.g. proline catabolism, gluta-
mine-dependent reductive carboxylation, and serine-depen-
dent one– carbon metabolism) also modulates cellular redox
capacity. Much remains to be learned about the contributions
of these redox metabolic pathways to driving the metastatic
cascade and promoting survival of cancer cells.
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Cell growth and division require nutrients, and proliferating
cells use a variety of sources to acquire the amino acids, lipids,
and nucleotides that support macromolecule synthesis. Lipids
are more reduced than other nutrients, whereas nucleotides and
amino acids are typically more oxidized. Cells must therefore
generate reducing and oxidizing (redox) equivalents to convert
consumed nutrients into biosynthetic precursors. To that end,
redox cofactor metabolism plays a central role in meeting cellu-
lar redox requirements. In this Minireview, we highlight the bio-
synthetic pathways that involve redox reactions and discuss
their integration with metabolism in proliferating mammalian
cells.

Proliferation imposes a biosynthetic requirement to support
cell growth and division. To divide, a cell must replicate each of
its components. All cells, whether proliferating or not, require a
source of energy and reducing power to maintain homeostasis
and combat stress. Proliferating cells must also duplicate their
macromolecular contents: DNA, RNA, proteins, and lipids; to
meet this demand, the proliferating cells carry out diverse met-
abolic reactions to generate the precursors for these molecules
(1). Mammalian cells thrive in diverse environments where
nutrient concentrations vary, so which nutrients are used and
how these contribute to macromolecule precursors is not
always evident from the metabolic network alone. Current
studies seek to understand how metabolism supports prolifer-
ation in diverse cell types and environments. Many reactions
involve the reduction or oxidation of substrates, and an under-
standing of cellular metabolism requires a careful consider-
ation of redox reactions involved in biosynthesis.

Mammalian cells can proliferate in a variety of contexts. Reg-
ulated proliferation is found in developing embryos, stem cells,
and immune cells, whereas cancer is a disease of uncontrolled
proliferation. In all cases, proliferating cells have essentially the
same macromolecular requirements, but the pathways differ-
ent cells use to meet these metabolic demands differ, and there
is growing interest in exploiting these differences for therapy

(2–4). Drugs that alter redox status, such as mitochondrial
inhibitors, can have significant effects on cellular metabolism
and impact diverse cancers. For example, patients taking the
mitochondrial inhibitor metformin have a lower risk of death
across a variety of cancer types, and metformin is being inves-
tigated as a potential cancer therapy (5). Chemotherapies tar-
geting nucleotide synthesis and DNA replication have been a
mainstay of cancer therapy for decades, illustrating that inhibition
of metabolic processes has the potential to stop proliferation.

In this Minireview, we describe the metabolic requirements
of proliferating cells and examples of how they are met, discuss-
ing in particular which redox reactions support macromolecule
synthesis. This provides a framework to understand how cellu-
lar redox status supports proliferation in a variety of contexts,
including cancer.

Redox reactions for biosynthesis

Biosynthetic pathways often involve reduction and oxidation
(redox) reactions, and pyridine nucleotide cofactors (NAD(H)
and NADP(H)) serve as carriers to provide and remove elec-
trons for most of these reactions (Fig. 1) (1, 6). NADPH is used
in reduction reactions, and cells maintain a high NADPH/
NADP� ratio to ensure that these reactions are favorable (7, 8).
Conversely, NAD� is used as an electron acceptor to oxidize
biosynthetic intermediates, and the NADH/NAD� ratio is can
be very low in proliferating cells (9, 10). The exact values of
these ratios differ between cellular compartments and across
growth conditions and impact which enzyme-catalyzed reac-
tions are favorable in different contexts. Importantly, numer-
ous shuttles link cytosolic redox metabolism to other compart-
ments, so manipulating redox metabolism in one organelle
can broadly impact cellular metabolism. Often a substrate is
reduced in one compartment and transported to another com-
partment where it is oxidized, allowing redox equivalents to be
shuttled throughout the cell.

NADPH provides electrons for lipid, deoxyribonucleotide,
and proline synthesis. Outside of biosynthesis, NADPH is also
required to maintain a reduced intracellular environment and
combat oxidative damage; consequently, proliferating and qui-
escent cells are reported to maintain similar NADPH/NADP�

ratios (11, 12). Several reactions can generate NADPH, and
both the oxidative pentose phosphate pathway and mitochon-
drial reactions are important contributors to NADPH synthesis
(Fig. 1A). In many cell types, the oxidative pentose phosphate
pathway, which produces two molecules of NADPH per mole-
cule of glucose 6-phosphate (Glc-6-P), is the largest contributor
to the cytosolic NADPH pool, but cytosolic malic enzyme 1 may
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play a role in some contexts (13, 14). The first enzyme of the
oxidative pentose phosphate pathway, Glc-6-P dehydrogenase,
generates NADPH but is also strongly inhibited by NADPH,
ensuring that pathway flux responds to changes in NADPH/
NADP� ratio (15). In the mitochondria, NADPH can be gener-
ated by malic enzyme 3, isocitrate dehydrogenase 2, and one-
carbon cycle enzymes, and the relative contribution of each
enzyme varies among cellular contexts (13, 16 –18).

Cells use NAD� to remove electrons from the nutrients they
consume, such as sugars and lipids, which are reduced relative
to many metabolic intermediates (Fig. 1B). The reactions of
glycolysis and the tricarboxylic acid (TCA)2 cycle convert
NAD� to NADH, and this favorable oxidation of nutrients,
ultimately yielding carbon dioxide, allows cells to derive energy
from the nutrients they consume. Many intermediates of these
NAD�-dependent pathways are also important precursors for
biosynthesis, and NAD� is directly used to oxidize precursors
of some nucleotides and amino acids (1, 19, 20). Interestingly,
the NADH/NAD� ratio is lower in quiescent cells perhaps
because of decreased consumption of NAD� by biosynthetic
pathways (11, 21). Regeneration of NAD� is necessary to sup-
port the activities of a variety of metabolic pathways. In the
cytosol, this is accomplished by lactate dehydrogenase (LDH), a
highly expressed enzyme that converts the glycolytic product
pyruvate into lactate (22). Proliferating cells generate large
amounts of lactate, allowing high glycolytic flux to support the
generation of ATP and biosynthetic precursors (23–26). The
mitochondrial electron transport chain (ETC) also serves to
regenerate NAD� by converting oxygen to water, and when
coupled to ATP synthesis, this process of oxidative phosphor-
ylation can be a critical source of ATP for proliferating cells (27,
28). In producing pyruvate from glucose, glycolysis generates
NADH, which can be converted back to NAD� by LDH; there-
fore, conversion of glucose to lactate consumes and regenerates
equal amounts of NAD�. As a result the conversion of glucose
to lactate is unable to recycle the additional NADH generated
by oxidative biosynthesis, and this must be accomplished by
alternative reactions, many of which involve mitochondria.
Consequently, reduced mitochondrial activity, resulting from
either hypoxia or pharmacological inhibition of the ETC, can
dramatically reduce the availability of NAD� for biosynthesis.

Cells lacking mitochondrial DNA, for example, are dependent
on an exogenous source of pyruvate or another �-keto acid,
which is reduced by LDH to regenerate the NAD� consumed
by biosynthesis (20, 29).

Although they do not use pyridine nucleotides, transamina-
tion reactions also involve carbon reduction-oxidation (Fig.
1C). Transamination reactions transfer an amino group between
two molecules and are used to synthesize amino acids. In these
reactions, glutamate is converted into �-ketoglutarate, and an
�-keto acid is converted into an amino acid. Although no
explicit redox reaction occurs, in each molecule a ketone and a
primary amine are interconverted, changing the oxidation state
of the adjacent carbon atom. Illustrating this fact, another reac-
tion that generates �-ketoglutarate from glutamate is the
glutamate dehydrogenase reaction. Glutamate dehydrogenase
uses NAD� to oxidize glutamate to produce �-ketoglutarate,
showing that a change in oxidation state has occurred. In
transamination reactions, an �-keto acid substitutes for NAD�

and is reduced to an amino acid. Transamination reactions are
consequently linked to cellular redox status. For example, when
alanine aminotransferase catalyzes the conversions of gluta-
mate to �-ketoglutarate and pyruvate to alanine, it bypasses the
immediate requirement for NAD� to generate �-ketoglutarate,
but ultimately this deprives the cell of pyruvate that could have
otherwise been used by LDH to generate NAD�.

The reactions that allow cells to generate NADPH and
NAD� are critical for biosynthesis even though they do not
directly provide new cell mass. Proliferating cells must abun-
dantly regenerate these cofactors by catabolizing consumed
nutrients, and on the whole, cellular metabolism must be bal-
anced. Just as the amount of carbon consumed must equal the
amounts excreted and incorporated into cell mass, so too must
the reactions that reduce pyridine nucleotides equal those that
oxidize them.

Nutrient environment, cell type, and growth signals can each
influence how a cell generates the macromolecule precursors it
requires to proliferate. Both in vivo and in vitro, mammalian
cells are exposed to complex nutrient environments (30), and
multiple pathways exist to generate amino acids, nucleotides,
and lipids. The pathways that generate macromolecule precur-
sors differ in both their use of nutrients and of redox cofac-
tors, linking the use of a particular biosynthetic pathway to
the availability of NAD� and NADPH. The pathways prolif-
erating cells use to generate amino acids, lipids, and nucleo-

2 The abbreviations used are: TCA, tricarboxylic acid; LDH, lactate dehydroge-
nase; ACSS, acetyl-CoA synthetase; ETC, electron transport chain; PDH,
pyruvate dehydrogenase; IDH, isocitrate dehydrogenase.

Figure 1. Oxidation and reduction reactions and their relationship to biosynthesis. A, NADPH is used to reduce oxidized precursors, and NADPH can be
regenerated from NADP� by the oxidative pentose pathway, malic enzymes, and other reactions. B, NAD� is used to oxidize reduced precursors in glycolysis,
the TCA cycle, and biosynthetic pathways. NAD� is regenerated from NADH by lactate dehydrogenase and by the electron transport chain, which reduce
pyruvate and oxygen, respectively. C, transamination reactions involve a change in redox state for the substrates and products. Oxidation of glutamate to
�-ketoglutarate reduces NAD� to NADH or transaminates an �-keto acid to an amino acid. For all panels, the half-reactions in red are reduction reactions, and
those in blue are oxidations. Abbreviations used are: �KG, �-ketoglutarate; pentose-P, pentose phosphate.
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tides, which are the precursors of the vast majority of new
cell mass, are described below.

Amino acids

Protein represents the largest fraction of cell mass, and
acquisition of amino acids is a major biosynthetic requirement
of cells. Cells can acquire amino acids through a variety of
means, and cell type, environment, and genetics can all influ-
ence which are used. Mammalian cells can synthesize nones-
sential amino acids de novo but must obtain essential amino
acids from the extracellular environment. Amino acid synthesis
has a biosynthetic cost, requiring glycolytic or TCA cycle inter-
mediates as well as redox cofactors and ATP. Thus, acquiring
amino acids from the environment allows cells to spare these
materials for other biosynthetic pathways. Notably, synthesis of
many nonessential amino acids requires oxidation involving
NAD� and some require reduction by NADPH (Fig. 2). Human
plasma contains each of the 20 amino acids at concentrations
ranging from 10 to 600 �M. However, amino acid concentra-
tions may be reduced in other fluids, limiting their availability
to cells. In this context, acquiring amino acids from protein
in the extracellular environment represents another source of
amino acids (31–33).

In some contexts, cells synthesize nonessential amino acids,
and glucose is the source for several of these amino acids (Fig.
2). Most mammalian cells with high glycolytic flux excrete ala-
nine as an alternative to lactate (34, 35). Importantly, the central
carbon atom in both lactate and alanine is reduced relative to
the corresponding atom in pyruvate, so synthesis of lactate or
alanine from pyruvate regenerates NAD�. Most media formu-
lations lack alanine, but alanine is not always synthesized in

excess. Lymphocyte proliferation can be enhanced when ala-
nine is included in media (36), and pancreatic cancer cells can
consume alanine produced by pancreatic stellate cells in vitro,
indicating the potential for a metabolic interaction in vivo (37).
In that study, alanine utilization enhanced oxygen consump-
tion, which might be necessary to recycle NADH produced
indirectly by conversion of alanine to pyruvate. Another path-
way supported by glucose is the serine biosynthesis pathway.
Serine is generated from glycolytic intermediates through sev-
eral reactions, the first of which is catalyzed by phosphoglycer-
ate dehydrogenase, an enzyme that consumes NAD�. Glycoly-
sis itself consumes NAD�, so synthesis of one molecule of
serine from glucose requires two molecules of NAD�. As a
result, mitochondrial inhibition, which prevents NAD� regen-
eration, has been shown to inhibit serine synthesis from glu-
cose, increasing the dependence on exogenous serine (38, 39).
Serine can provide carbon for nucleotide biosynthesis and is
further metabolized to produce cysteine and glycine, implying
an NAD� cost to synthesizing these amino acids from glucose.

Glutamine can supply carbon and nitrogen for synthesis of
glutamate, aspartate, asparagine, and proline (39). Glutamine
catabolism is sufficient to sustain biosynthesis of these amino
acids, and they are often excluded from culture media (40, 41).
Glutaminase activity produces glutamate, which can serve as a
nitrogen donor for transamination reactions in the biosynthesis
of other amino acids, such as serine and alanine (Fig. 2). Proline
synthesis from glutamine is up-regulated by oncogenic signal-
ing to promote proliferation of lymphoma cells, and this amino
acid is synthesized even when provided exogenously (42). Of
note, proline synthesis is unique in that it directly requires two

Figure 2. Redox reactions used to synthesize nonessential amino acids from glucose and glutamine. Simplified pathways illustrating the interconversion
of glycolytic and TCA cycle intermediates are shown, with redox reactions highlighted. Many of these reactions are oxidations and consume NAD� (or FAD),
although others are reductions and require NAD(P)H. As shown in Fig. 1, transamination reactions are also oxidation/reduction reactions. Major pathways
involved in regenerating NAD� and FAD are also shown for reference. Substrate oxidation is indicated in blue; substrate reduction is in pink; and transamination
is in green. Abbreviations used are: �KG, �-ketoglutarate; OAA, oxaloacetate.
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molecules of NAD(P)H for reduction, linking its synthesis to
NAD� regeneration or NADPH consumption (43). Proline
synthesis has been argued to consume NADPH to drive pentose
phosphate pathway activity (13, 42), but loss of this activity is
expected to impair proline synthesis only in cases where other
NADPH-producing pathways cannot compensate (44).

Unlike most amino acids, which can be used by cells when
supplied exogenously, aspartate is synthesized de novo: most
cells (except in the prostate and nervous system) lack high-
affinity transporters for aspartate, and typical plasma aspartate
concentrations are insufficient to enable its consumption (19,
45). Aspartate synthesis is dependent on a supply of NAD�, and
this amino acid becomes limiting when respiration is inhibited
(19, 20). Conversely, enhanced aspartate synthesis has been
observed in cells with an increased ability to regenerate NAD�

(46). Aspartate is synthesized from oxaloacetate in a reaction
that consumes glutamate, and oxaloacetate itself can be syn-
thesized from glutamine through several oxidation reac-
tions. Oxaloacetate may also be synthesized by the reductive
carboxylation of �-ketoglutarate, which requires less NAD�,
and this pathway is favored during mitochondrial inhibition
(20). In many cases in vivo, glutamine is not used, and glu-
cose provides carbon for aspartate synthesis via pyruvate
carboxylase (47–49).

Proliferating cells have a considerable requirement for pro-
tein synthesis and must meet the amino acid demand to grow
and divide. Cell type and extracellular environment both influ-
ence how amino acids are acquired (33, 50), potentially in part
by changing utilization and availability of redox cofactors, and
this can affect protein synthesis as well as downstream biosyn-
thetic reactions.

Lipids

Lipids are a diverse class of molecules, and acquiring lipids is
necessary for proliferating cells (51). Lipids compose 50% of

membrane mass, and they are also critical components of sig-
naling pathways. Synthesizing membranes of the correct com-
position is critical for cell function (52, 53). In mammalian cells,
cholesterol, phospholipids, and sphingolipids are the major
lipid constituents of cell membranes. Fatty acids are core com-
ponents of these latter two classes and are also present in cells as
triglycerides. Each lipid species can be acquired exogenously or
synthesized de novo, and nutrient supply and growth condi-
tions influence how cells meet this demand.

A large fraction of cellular lipids are derived from the extra-
cellular environment (39, 54). De novo lipid synthesis depends
on a source of NADPH and potentially also on NAD�, but uti-
lization of exogenous lipids allows cells to circumvent these
costs (Fig. 3). Early work with proliferating lymphocytes dem-
onstrated that exogenously supplied free fatty acids are incor-
porated into the lipid pool in these cells (55). Breast and ovarian
cancer cells stimulate lipolysis in co-cultured adipocytes and
can consume the released fatty acids (56, 57). Free fatty acids are
not the only source of exogenous fatty acids. Hypoxic cells and
cells with Ras activation utilize lysophospholipids present in
serum as a source of unsaturated fatty acids (58). Lymphocytes
and fibroblasts express lipoprotein lipase, allowing them to
consume and hydrolyze triglycerides as a source of fatty acids
for biosynthesis (59, 60), and some cancers overexpress other
lipases to utilize exogenously esterified lipids (61).

Although a large portion of cellular lipids originates from
exogenous sources (39, 56), glucose is a major carbon source for
de novo fatty acid synthesis (58). Active lipogenesis was first
observed in tumor tissue slices by Medes et al. (62), who noted
that hepatomas incorporated more glucose into lipids than
adjacent liver tissue. Pyruvate generated by glycolysis is decar-
boxylated by pyruvate dehydrogenase (PDH) in the mitochon-
dria to produce acetyl-CoA, the basic building block of fatty
acids. Synthesis of acetyl-CoA from glucose therefore requires

Figure 3. Redox reactions involved in fatty acid synthesis. A, acetyl-CoA can be synthesized from glucose, glutamine, or free acetate, and each pathway
relies on different redox cofactors. B, fatty acid synthesis and elongation use two molecules of NADPH per molecule of acetyl-CoA. In this figure, two carbon
atoms from acetyl-CoA are added to a fatty acyl-CoA containing n carbon atoms. Substrate oxidation is indicated in blue; substrate reduction is in pink; and
transamination is in green. Abbreviations used are: �KG, �-ketoglutarate; OAA, oxaloacetate.
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two molecules of NAD�, one for glycolysis and one for PDH
(Fig. 3A). In the cytosol, acetyl-CoA is used for de novo synthe-
sis of palmitate (by fatty-acid synthase) and cholesterol. Synthe-
sis of either lipid requires a large amount of reducing power,
and two molecules of NADPH are needed for each acetyl-CoA
that is incorporated into a saturated fatty acid (Fig. 3B). In fact,
lipid synthesis is estimated to be a major user of NADPH (13).
Fatty acids are diversified through elongation and desaturation
reactions, and both require additional redox reactions. Sterol
synthesis also requires redox reactions. In cells, fatty acids are
esterified to glycerol 3-phosphate to produce phospholipids
and triglycerides. Glycerol 3-phosphate is generated by the
phosphorylation of exogenous glycerol or by the reduction of
the glycolytic intermediate dihydroxyacetone phosphate, and
proliferating cells obtain glycerol from both sources (63). Phos-
pholipids also contain polar headgroups derived from serine,
and their synthesis consequently also depends upon redox reac-
tions. Many cancers up-regulate enzymes required for de novo
lipid synthesis, and there is current interest in targeting these
enzymes (64).

Glucose is not always the primary source of lipogenic acetyl-
CoA. When cells are subject to mitochondrial inhibition, either
as a result of hypoxia or genetic alterations, glutamine can serve
as a source of acetyl-CoA for de novo lipid synthesis (Fig. 3A)
(65–67). Lipid production from glutamine reduces the require-
ment for NAD�, whose regeneration is limited when mito-
chondrial activity is reduced. Reductive carboxylation of glu-
tamine-derived �-ketoglutarate by isocitrate dehydrogenase
(IDH) uses NADPH to ultimately produce citrate, which can be
cleaved by ATP-citrate lysate to generate acetyl-CoA. In addi-
tion to decreased availability of NAD�, inhibitory phosphory-
lation reduces PDH flux in hypoxic cells, decreasing the avail-
ability of glucose-derived acetyl-CoA (68, 69). Mammalian cells
express three IDH isoforms, and reductive carboxylation can be
carried out by the NADPH-utilizing IDH1 and IDH2, which
localize to the cytosol and mitochondria, respectively (65–67).
The hypoxia-sensing pathway in mammals promotes this met-
abolic change, and the constitutive hypoxia-inducible factor
activation in some cancers allows them to derive lipids from
glutamine when oxygen is abundant (65). Cells proliferating
with ample oxygen can derive acetyl-CoA from glutamine, but
glutamine carbon is a minor contributor to lipid synthesis in
this context (39, 65, 70).

Free acetate can serve as an additional lipogenic substrate for
proliferating cells. Acetate can contribute to lipogenic acetyl-
CoA when oxygen is abundant, but its contribution is increased
in low oxygen (70 –72). Acetyl-CoA synthetases (ACSS) are
required to convert acetate to acetyl-CoA, and cytosolic ACSS2
is the primary enzyme that supplies acetate for biosynthesis
(72). Incorporation of free acetate requires ATP but no redox
cofactors (Fig. 3A), making it an attractive lipogenic substrate in
hypoxia when NAD� is limiting. Acetate concentration deter-
mines how much this substrate is used for lipogenesis (70), and
acetate concentration varies in human plasma ranging from 50
to 200 �M (73). Free acetate in cells is predominantly generated
by protein deacetylation, and a major role of ACSS is to salvage
this acetate (74), raising the possibility that utilization of exog-

enous tracer acetate for biosynthesis is, in part, a readout of
exchange between extracellular and intracellular acetate pools.

Lipids can be obtained from both exogenous sources and de
novo synthesis, and each lipid synthesis pathway has different
dependence upon redox cofactors. For some proliferating cells,
lipid synthesis is sufficient to fully support proliferation, as
these cells can multiply in lipid-free conditions. Conversely,
lipids are abundant in the plasma, and proliferating cells are not
thought to be lipid-deficient in fed animals. Therefore, which
sources contribute to cellular lipid mass and how de novo syn-
thesis supports proliferation remains an open question.

Nucleotides

Nucleic acids are another integral biosynthetic requirement
of proliferating cells. DNA is necessarily synthesized during the
cell division cycle, and RNA, the majority of which is ribosomal,
synthesizes protein. Nucleotides are the precursors for nucleic
acid synthesis but also serve as cofactors for many redox, ener-
getic, and biosynthetic reactions. As with amino acids and lip-
ids, nucleotides can be derived from de novo synthesis or
salvaged from exogenous sources, and de novo nucleotide syn-
thesis requires multiple oxidations by NAD� and NADP� (Fig.
4). Many extant cancer therapies target de novo nucleotide syn-
thesis pathways, and their ability to impair the proliferation of
both cancer and normal cells underscores the essentiality of de
novo nucleotide synthesis for many cells (2, 75). All nucleotides
are composed of a purine or pyrimidine base joined to ribose (or
deoxyribose), which is derived from ribose 5-phosphate (Rib-5-
P). Free ribose can be scavenged and phosphorylated by only a
minority of cell types, and Rib-5-P is therefore synthesized from
glucose by most cells (76, 77). Rib-5-P can be generated through
either the oxidative or nonoxidative pentose phosphate path-
ways, and recent work has identified signaling pathways that
can enhance flux through these pathways (78, 79). The oxida-
tive pathway, which generates two molecules of NADPH per
molecule of Rib-5-P produced, is proposed to be the primary
source of Rib-5-P for biosynthesis in many proliferating cells
(80, 81); however, the nonoxidative pathway may play a greater
role in contexts where NADPH is abundant, as it is a potent
inhibitor of the oxidative branch. Indeed, some cancers have been
reported to preferentially obtain ribose from the nonoxidative
pentose phosphate pathway (81–83), arguing the NADPH may
not be limiting in those cells.

Nucleotide base biosynthesis is closely linked to amino acid
metabolism, requiring both amino acids and one-carbon units
generated from amino acid catabolism (Fig. 4). Consequently,
amino acid synthesis plays a direct role in nucleotide biosynthe-
sis as well, dictating whether purine and pyrimidine bases
derive from glucose or exogenous amino acids. One-carbon
units, individual carbon atoms covalently linked to a folate
cofactor, are required for both nucleotide biosynthesis path-
ways and are interconverted by redox reactions (Fig. 4B). Pro-
liferating cells catabolize serine for one-carbon units to sustain
nucleotide synthesis (84, 85). As with protein synthesis, this
serine can be obtained by oxidizing glucose carbon or from an
exogenous source (86). Recent work has highlighted the impor-
tance of mitochondrial function in one-carbon metabolism,
and NAD(P)H can be derived from mitochondrial serine catab-
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olism (13, 18). Mitochondria are also the major source of one-
carbon units for nucleotide synthesis in the cytosol (16). When
mitochondria are inhibited and the availability of mitochon-
drial NAD(P)� is reduced, however, the equivalent reactions in
the cytosol can supply one-carbon units (87).

In addition to serine and glycine, aspartate is essential to the
synthesis of both purines and pyrimidines. As discussed above,
aspartate must be synthesized de novo, and limitation for this
amino acid impairs both nucleic acid and protein biosynthesis.
Aspartate synthesis depends upon sustained mitochondrial
activity, and cells become aspartate auxotrophs when mito-
chondria are inhibited (19, 20). Interestingly, aspartate can
become limiting for nucleotides sooner than for protein synthe-
sis, and cells unable to synthesize aspartate take longer to arrest
growth when adenine and uracil are supplied exogenously (20).
Beyond the substantial redox requirement for aspartate synthe-
sis, nucleotide synthesis depends upon other redox reactions as
well (Fig. 4A). Pyrimidine synthesis requires ETC activity to
regenerate quinones required for orotate synthesis, and cells
lacking mitochondrial DNA are pyrimidine auxotrophs (29).
Guanine nucleotide synthesis requires NAD�, and reduction of
nucleotides to deoxynucleotides requires NADPH. By regenerat-
ing NAD� and quinones and by supporting aspartate synthesis,
mitochondria play an integral role in nucleotide metabolism. Con-
sistent with this relationship, both nucleotide depletion and mito-
chondrial inhibition block proliferation by inducing senescence
(88, 89).

Some cells can bypass redox requirements by salvaging
nucleosides or nucleobases if they are available in the extracel-

lular environment. Tissues capable of salvage are resistant to
nucleotide synthesis inhibitors (90). Nevertheless, the concen-
trations of nucleosides and their bases in human plasma are
rarely greater than 10 �M (91), and circulating nucleosides are
insufficient to rescue proliferation in many cases when cells in
vivo are treated with nucleotide synthesis inhibitors. Conse-
quently, de novo biosynthesis is an essential source of nucleo-
tides for many proliferating cells, and inhibitors of this process
might synergize with mitochondrial inhibitors that limit aspar-
tate and NAD� availability to further starve cells of nucleotides
(6). Nucleotide synthesis inhibitors are currently used to treat
cancer, demonstrating that there is a therapeutic window to
target these pathways relative to normal proliferating cells. The
preliminary evidence supporting the use of mitochondrial
inhibitors to treat cancer and their potential to inhibit nucleo-
tide synthesis suggests that altered redox metabolism could
provide other opportunities to selectively target cancer.

Conclusion

Mammalian cells can acquire macromolecule precursors
through multiple pathways. Cells can synthesize a large number
of these compounds, and whether or not a cell synthesizes mac-
romolecule precursors and which nutrients it uses are deter-
mined by a variety of factors, including cell type and the nutri-
ent microenvironment. Most biosynthetic pathways depend
upon reduction or oxidation reactions. Consequently biosyn-
thesis depends on the continued generation of NADPH for
reduction and NAD� for oxidation. Several reactions in the
cytosol and mitochondria produce NADPH; however, mito-

Figure 4. Oxidation reactions are important for nucleotide synthesis. A, simplified schematic of de novo nucleotide biosynthesis highlighting the redox
reactions involved. Ribose is produced via the pentose phosphate pathway, and synthesis of purine and pyrimidine nucleotides involve oxidation reactions.
Both purine and pyrimidine synthesis use aspartate, which is generated from the oxidation of either glucose or glutamine (see Fig. 2). The use of oxygen to
regenerate ubiquinone (Q) is also shown. B, formyl-THF, required for purine synthesis, is produced following the oxidation of one-carbon units derived from
serine. Substrate oxidation is indicated in blue; substrate reduction is in pink; and products of oxidation reactions are in orange. Abbreviations used are: PRPP,
phosphoribosyl pyrophosphate; Q, ubiquinone; QH2, ubiquinol; ribose-5-P, ribose-5-phosphate; THF, tetrahydrofolate.
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chondrial electron transport chain activity or an alternative
source of electron acceptors is essential to regenerate NAD�.
The conversion of glucose to lactate is net NAD�-neutral, so
glycolysis and LDH activity alone are insufficient to support
biosynthesis. Cells deficient for mitochondrial DNA cannot
proliferate without exogenous pyruvate that is used to regener-
ate NAD� (20, 29). Proliferation and biosynthesis cannot pro-
ceed without functional redox metabolism, and inhibition of these
pathways renders cells dependent on exogenous macromolecule
precursors. To exploit metabolic pathways for therapy, inhibitors
of redox metabolism will be important tools to consider in con-
junction with other agents that target metabolism.
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Reactive oxygen species (ROS) mediate redox signaling nec-
essary for numerous cellular functions. Yet, high levels of ROS in
cells and tissues can cause damage and cell death. Therefore,
regulation of redox homeostasis is essential for ROS-dependent
signaling that does not incur cellular damage. Cells achieve
this optimal balance by coordinating ROS production and
elimination. In this Minireview, we discuss the mechanisms
by which proliferating cancer and T cells maintain a carefully
controlled redox balance. Greater insight into such redox
biology may enable precisely targeted manipulation of ROS
for effective medical therapies against cancer or immunolog-
ical disorders.

Reactive oxygen species (ROS)3 are oxygen (O)-containing
molecules with higher chemical reactivity than molecular oxy-
gen (O2) itself. ROS are generated upon partial reduction of O2
and include superoxide anion (O2

. ), hydrogen peroxide (H2O2),
and hydroxyl radical (OH�). Because of their reactivity toward
lipid, protein, and DNA, ROS have traditionally been consid-
ered solely as toxic molecules associated with oxidative dam-
age. However, over the past 2 decades, there has been growing
appreciation for the role of H2O2 as a secondary messenger in
cellular signaling. Although very high levels of ROS, especially
OH�, produce oxidative damage and cell death, a pool of spa-
tially localized and a moderate concentration of ROS are
required for many biological processes, including cell
survival, death, proliferation, and immune responses (1–3).
Therefore, cells maintain an optimal concentration and
localization of intracellular ROS that support necessary sig-
naling pathways without causing cellular damage and death.

Under physiological conditions, such redox homeostasis is
achieved by the careful control of both ROS production and
elimination.

In recent years, growing interest toward tumor redox biology
has highlighted a unique state of redox homeostasis in cancer
cells that support their pathological proliferation, proposing
modulation of ROS as a promising anti-cancer therapy.
Concurrently, development of cancer immunotherapies has
emphasized the significance of immune cells, especially T
cells, in the regulatory pathways of tumors. However, the
current understanding of the redox balance in T cells is lim-
ited, challenging the prediction on how anti- or pro-oxidants
would affect antitumor immunity. Therefore, understanding
redox biology in both cancer and T cells is essential for the
progress in treatments against cancer and furthermore
immune disorders. In this Minireview, we discuss the molec-
ular mechanisms by which cancer and T cells maintain redox
homeostasis.

Production of ROS

The two main sources of intracellular ROS are mitochondria
and NADPH oxidases (NOXs) (Fig. 1) (4, 5). Mammalian mito-
chondria have 11 known sites that produce O2

. . These sites
include electron transport chain (ETC) complex I and complex
III, which are best characterized for their role in redox signaling
(4, 6). During aerobic respiration, the ETC complexes relay
electrons from nicotinamide adenine dinucleotide (NADH)
and dihydroflavin adenine dinucleotide (FADH2) to complex
IV, where the final electron acceptor, O2, is reduced to water
(H2O). However, a small percentage (�0.5%) of electrons
escape from the chain, and nonenzymatically react with O2 to
generate O2

. (7). The O2
. from complexes I and III is released

into the mitochondrial matrix. Complex III also releases O2
.

into the mitochondrial intermembrane space where the O2
. tra-

verses through the voltage-dependent anion channels into
cytoplasm (Fig. 1) (6, 8).

Several factors regulate generation of mitochondrial ROS
(mROS) to the times, levels, and locations necessary for cellular
signaling. The rate at which mROS is produced depends on
kinetic and thermodynamic determinants, including concen-
tration of electron carriers within the ETC, the redox state
of the electron carriers, availability of mitochondrial O2, and
proximity of O2 to electron carriers (6). Mitochondrial mem-
brane potential (�) is another crucial regulator of the mROS
production rate. � is required for mROS generation (9), despite
that � and mROS levels are negatively correlated (10). The pro-
duction and release of mROS can be augmented by diverse
signaling factors, including hypoxia, thermogenesis, nutrient
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metabolites, tumor necrosis factor-� (TNF-�), SHC-trans-
forming protein 1, and toll-like receptors (10 –15). Addition-
ally, mitochondria are dynamic organelles that constantly move
inside the cells. In response to cellular signals, mitochondria
can therefore redistribute to form localized pools of mROS that
influence signaling pathways (16).

In addition to mitochondria, the NOX protein family is
another major producer of intracellular ROS. These transmem-
brane proteins catalyze the transfer of electrons from nicotina-
mide adenine dinucleotide phosphate (NADPH) to O2, gener-
ating O2

. (Fig. 1). NOX isoforms are present in the plasma
membrane, as well as intracellular membranes of the nucleus,
mitochondria, and endoplasmic reticulum. Depending on its
location, a NOX can release O2

. into intracellular or extracellu-
lar space (5). The ROS production by NOX depends on the
assembly of the functional NOX complex. This process is reg-
ulated by the availability of flavin adenine dinucleotide (FAD),
an essential prosthetic group of NOX enzyme (17). Addition-
ally, activation of small GTP-binding proteins, protein phos-
phorylation, and intracellular calcium concentration control
incorporation of accessory subunits required for the enzymatic
activity of NOX (5). NOX complex can be activated upon cel-
lular signaling by insulin, growth factors, tumor necrosis factor
(TNF), angiotensin, and toll-like receptors (5, 18 –20). NOX
isoform activation occurs within discrete subcellular compart-
ments, and such spatial organization of NOX is necessary for
ROS-mediated signaling (21).

Elimination of ROS

Cells utilize robust antioxidant defense systems to maintain
ROS levels. Mitochondria and NOX generate O2

. , a free radical
capable of damaging iron–sulfur cluster-containing proteins
(22). The primary cellular defense against O2

. accumulation
is superoxide dismutase (SOD), which rapidly converts O2

. to
H2O2 (Fig. 1), keeping the intracellular O2

. level extremely low.
Different SOD isoforms reside in specific subcellular compart-
ments: SOD1 in cytosol, SOD2 in mitochondria, and SOD3 in
extracellular matrix (23).

The removal of O2
. results in the formation of H2O2. Accu-

mulation of H2O2 can also be deleterious as it can disrupt cel-
lular signaling. Furthermore, when in excess, H2O2 can react
with ferrous and cuprous ions, which yields OH�, a strong oxi-
dant that can irreversibly damage lipids, protein, and DNA (24).
Therefore, cells have multiple antioxidant systems to regulate
intracellular H2O2 levels, including peroxiredoxin (PRX)/thi-
oredoxin (TRX) systems and glutathione peroxidase (GPX)/
glutathione (GSH) systems. PRX is a H2O2 scavenger, which
works in concert with TRX to relay a series of redox reactions to
reduce H2O2. In the first reaction, cysteine residues of PRX
undergo oxidation by H2O2, reducing H2O2 to H2O. The pro-
cess removes H2O2 but inactivates the PRX. In the second reac-
tion, the cysteine residues of TRX are oxidized as the inacti-
vated PRX is reduced and reactivated. Finally, the oxidized and
inactivated TRX is reduced by thioredoxin reductase, which is
fueled by the oxidation of a reducing equivalent, NADPH (25).

Figure 1. Production, elimination, and signaling of ROS. Mitochondria and NADPH oxidases (NOXs) are the main sources of superoxide (O2
.), which is

converted to hydrogen peroxide (H2O2) by superoxide dismutases (SODs). H2O2 can subsequently (a) oxidize thiols within redox-regulated proteins to conduct
cellular signaling or (b) be reduced to water by antioxidant systems largely composed of NRF2-regulated enzymes. The peroxiredoxin (PRX)/thioredoxin (TRX)
and glutathione peroxidase (GPX)/glutathione (GSH) systems are fueled by NADPH. This key reducing equivalent is generated by a complex network of
metabolic pathways and enzymes involving the pentose phosphate pathway (PPP), isocitrate dehydrogenases (IDHs), malic enzymes (MEs), and one-carbon
metabolism. Interestingly, NADPH is also a substrate for the ROS-generating NOXs. This suggests that the antioxidant systems and ROS producers are equally
important for biological processes, and they work in concert to regulate redox environments that permit the ROS-mediated signaling without incurring
oxidative damage.
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GPX is another H2O2 scavenger. Similar to the PRX and TRX,
GPX and GSH cooperate to detoxify H2O2 to H2O. This process
yields an oxidized GSH (GSSG), which is subsequently reduced
by glutathione reductase (GR) and NADPH (26). NADPH is
generated by a closely regulated metabolic network of the pen-
tose phosphate pathway (PPP), one-carbon metabolism, isoci-
trate dehydrogenases (IDHs), and malic enzymes (Fig. 1) (7).
Importantly, protein families of PRX and GPX are widely dis-
tributed throughout the cells. In mammalian cells, six isoforms
of PRXs and eight isoforms of GPXs have distinct cellular local-
ization, including cytosol, mitochondria, endoplasmic reticu-
lum, peroxisomes, and extracellular space (25, 27). As a result,
cells have robust antioxidant systems throughout the cell, by
which SODs convert O2

. to H2O2, and PRXs and GPXs reduce
H2O2 to H2O (Fig. 1).

To effectively manage the intracellular ROS in a temporal,
quantitative, and spatial manner, antioxidants are regulated at
both the mRNA expression and protein enzymatic activity
level. One of the major regulators of the antioxidants is nuclear
factor erythroid 2–related factor 2 (NRF2) (Fig. 1). Under
homeostatic conditions, this transcription factor is constitu-
tively ubiquitinated for degradation by Kelch-like ECH-associ-
ated protein (KEAP)-1 and Cullin (CUL)-3 E3 ligase complex.
However, upon accumulation of ROS, KEAP1 is oxidized by
H2O2, thereby inhibiting its ability to ubiquitinate NRF2. As a
result, NRF2 is stabilized and translocated into the nucleus,
where it binds antioxidant-responsive elements within regula-
tory regions of genes whose protein products are involved in
many different antioxidant systems (28). NRF2 is responsible
for the synthesis, regeneration, and utilization of GSH, as it
regulates the expression of GR, glutamate cysteine ligase (cata-
lyzes the first step of de novo GSH synthesis), solute carrier
family 7 member 11 (SLC7A11, imports cysteine, a building
block of GSH), and GPX2 (a GPX isoform expressed in the
gastrointestinal system) (29 –31). NRF2 also supports the PRX/
TRX system by promoting transcription of isoforms PRX1 and
TRX1 (32, 33). Importantly, NRF2 induces the expression of
multiple metabolic enzymes involved in production of NADPH
(34). Thus, the extensive array of antioxidant pathways con-
trolled by NRF2 makes NRF2 arguably the master regulator of
antioxidants.

Signaling of ROS

H2O2 is the most stable form of ROS with an ability to freely
diffuse through membranes. Such a characteristic makes H2O2
an ideal intracellular signaling molecule. Indeed, H2O2 medi-
ates signal transduction by selectively oxidizing cysteine resi-
dues within proteins, leading to alteration of their structure
and, importantly, activity (35). One of the determinants of the
specificity of oxidation necessary for this process is logarithmic
acid dissociation constant (pKa) of the cysteine residues. Under
physiological pH, the thiol group (SH) of cysteine residues with
low pKa exists as a thiolate (S�), which is highly susceptible to
H2O2-mediated oxidation (36). The oxidation process can gen-
erate reversible modifications of S�, including sulfenic acid
(SOH), disulfide bonds (S–S) (Fig. 1), and sulfenamide (S–N).
The oxidized forms of S� can be reduced back by TRX and
glutaredoxin (GRX) (35). The best-characterized targets of this

redox-regulation include phosphatases, kinases, and antioxi-
dants (37, 38).

The molecular mechanisms by which the ROS producers and
antioxidant systems coordinate to conduct redox signaling are
important research areas. There are two proposed mecha-
nisms: redox relay and floodgate. In the redox relay model,
H2O2 scavengers PRX or GPX act as primary H2O2 receptors
that specifically transfer the oxidation to the redox-regulated
target protein (35). For example, a cytoplasmic PRX isoform
PRX2 gets oxidized by H2O2, and subsequently it transfers this
oxidizing equivalent to signal transducer and activator of tran-
scription (STAT)-3, inhibiting its transcriptional activity (39).
The floodgate model hypothesizes that “flooding” the proxim-
ity of a redox-regulated protein with H2O2 oxidizes and inacti-
vates ROS scavengers in the area, thereby allowing H2O2
oxidation of the target (35). This model is evidenced by a redox-
signaling pathway activated in the adrenal cortex mitochondria
during steroidogenesis. Upon generation of corticosterone,
cytochrome P450 produces a localized pool of H2O2, which
oxidizes and inactivates PRX3 leading to further accumulation
of H2O2, p38 activation, and suppression of steroidogenesis
(40). These models and examples suggest that the specificity
and efficiency of redox signaling are dependent on precise orga-
nization of ROS producers and scavengers, further highlighting
the significance of their regulatory mechanisms.

Regulation of redox balance in cancer cells

In various types of cancer cells, ROS support their survival,
proliferation, and metastasis through activating pro-tumori-
genic cellular signaling. The classic examples are phosphoi-
nositide 3-kinase (PI3K)/protein kinase B (AKT), mitogen-ac-
tivated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK), and hypoxia-inducible factor (HIF)-1� signaling
(Fig. 2), wherein ROS oxidizes and inactivates their negative
regulators phosphatase and tensin homolog (PTEN), MAPK
phosphatase, and prolyl hydroxylase (PHD)-2, respectively (37,
41, 42). ROS also promote cancer cell proliferation through
activation of nuclear factor �-light chain enhancer of activated
B cells (NF-�B) (Fig. 2). A recent study demonstrated that
mROS activate protein kinase D (PKD)-1 and NF-�B to up-reg-
ulate epidermal growth factor receptor signaling, inducing for-
mation of pancreatic pre-neoplastic lesions. The in vivo devel-
opment of abnormal pancreatic structures was abrogated by a
mitochondria-targeted antioxidant, mitoQ (43). In addition,
ROS participate in a pro-metastatic signaling of protein-tyro-
sine kinase SRC/focal adhesion kinase PYK2 pathway. mROS is
required to up-regulate the SRC/PYK2 signaling, leading to
migration and invasion of different types of cancer cells. Impor-
tantly, administration of mROS scavenger, mitoTEMPO, prevents
metastatic tumor dissemination of breast cancer xenograft (44).
Therefore, ROS has causative impact on tumorigenesis and
progression.

To drive the pro-tumorigenic redox signaling, cancer cells
have elevated levels of intracellular ROS. Increased ROS pro-
duction is instigated by acquisition of oncogenes such as the
constitutively active isoforms of RAS (Fig. 2). Upon overexpres-
sion of H-RASV12, human fibroblasts produce large amounts of
O2

. by NOX (45). Furthermore, in mouse embryonic fibroblasts
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lacking functional p53, expression of H-RASV12 or K-RASV12

increases production of mROS (46). The oncogenic K-RAS–
induced mROS has been found to be necessary for the forma-
tion of lung adenocarcinoma and pancreatic pre-neoplastic
lesions (43, 46). The increase in ROS production can also be
driven by tumor hypoxia (11). Additionally, cancer cells can
further potentiate ROS production by down-regulating antiox-
idant systems at the sites of ROS generation. Mitochondrial
sirtuin (SIRT)-3 deacetylates and activates SOD2, regulating
mitochondrial O2

. levels (47). Thus, loss of SIRT3, as observed
in many breast cancers, induces mROS accumulation, and
HIF-1� stabilization (48).

Elevated intracellular ROS in cancer cells is also contingent
on suppressing global antioxidant systems. Many tumor sup-
pressors serve antioxidant functions in nontransformed cells. A
redox-regulated DNA damage–sensing protein, ataxia-telangi-
ectasia mutated (ATM) kinase, can inhibit ROS production
(49 –51). An ATM-regulated tumor suppressor, breast cancer
type 1 susceptibility protein (BRCA1), interferes with KEAP1-
mediated ubiquitination of NRF2, stabilizing and activating the
master regulator of antioxidants (52). Tumor suppressor p53 is
another potential activator of NRF2 and increases the expres-
sion of antioxidant enzymes, including SOD2 and GPX1, as well
as production of NADPH, the reducing equivalent necessary to
reactivate antioxidant systems (53–55). It is important to note
that p53 can also reduce the expression of SLC7A11, which
uptakes cysteine for GSH synthesis, thereby playing a pro-oxi-
dant role under certain physiological contexts (56). However,
the antioxidant function of p53 has been found to be necessary
for its ability to prevent cancer (57). Therefore, loss of tumor

suppressors promotes tumorigenesis by elevating intracellular
ROS levels (Fig. 2).

Paradoxically, cancer cells concomitantly elevate their anti-
oxidant capacity to buffer ROS from rising to levels that are
toxic. Excessive amount of ROS can be detrimental to cancer
cell viability and proliferation. Such vulnerability can posit a
great challenge during metastasis as cancer cells detached from
extracellular matrix experience elevated ROS levels (58). More-
over, blood and viscera are oxidizing environments hostile to
the survival and proliferation of circulating cancer cells (59). As
a result, excess ROS limits metastasis as well as tumorigenesis.
Consequently, up-regulation of NRF2 has been observed in a
broad spectrum of tumor types, including skin, lung, pancreas,
breast, ovarian, and prostate (Fig. 2). Such NRF2 dysregulation
can be mediated by loss-of-function mutations in KEAP1 or
gain-of-function mutations in NRF2 that allow constitutive sta-
bilization of NRF2 (60). Acquisition of the K-RAS, BRAF, and
MYC oncogenes can also activate NRF2 antioxidant program.
Importantly, NRF2 is required for the pancreatic and lung
tumorigenesis in vivo (61). This has led to investigations on
targeting NRF2-dependent cancers. Indeed, a recent study used
chemical proteomics to identify a NRF2-regulated protein,
nuclear receptor subfamily 0 group B member 1 (NROB1), as a
druggable target in KEAP1-null nonsmall cell lung cancers (62).

GSH is another important antioxidant molecule for cancer
cells. Elevation of GSH has been observed in tissues of breast,
ovarian, head and neck, and lung cancer (Fig. 2) (63). The abun-
dant GSH in tumor tissues is supported by the increased cellu-
lar availability of its biosynthetic precursors: glutamate, glycine,
and cysteine. The cystine/glutamate antiporter SLC7A11, the
main route of cysteine acquisition, is highly expressed in human
tumors (56). Furthermore, the glutamate cysteine ligase modi-
fier subunit, which is necessary for the efficient synthesis of
GSH, is up-regulated across multiple types of human cancer
(64). Aside from the de novo biosynthesis, another process that
affects the cellular GSH level is its regeneration. Oxidized
GSSG is reduced back to GSH by GR and NADPH. To facilitate
this process, cancer cells up-regulate the production of
NADPH, which will be discussed below. The elevation and
maintenance of cellular GSH levels are essential for tumor ini-
tiation and proliferation (64, 65). Additionally, a GPX isoen-
zyme, GPX4, has been found to be required for the survival of
therapy-resistant cancer cells, further highlighting the impor-
tance of GSH-mediated antioxidant pathways in cancer pro-
gression (Fig. 2) (66).

Cancer cells up-regulate the metabolic pathways necessary
to produce the reducing potential, NADPH (Fig. 2). Oxidative
PPP, one of the major sources of NADPH, branches from
glycolysis. Certain regulatory enzymes of glycolysis, including
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyru-
vate kinase isoform M2 (PKM2), and TP53-induced glycolysis
regulatory phosphatase (TIGAR), can redirect glycolytic inter-
mediates into oxidative PPP to generate the reducing potential
(67–70). Interestingly, such up-regulation of PPP by GAPDH
and PKM2 is dependent on oxidation of specific cysteine resi-
dues (68, 69). The activators of PPP are often overexpressed in
many types of cancer cells. Furthermore, the NADPH-generat-
ing/antioxidant capacity of TIGAR and PKM2 are essential for

Figure 2. Regulation of redox balance in cancer cells. Compared with non-
transformed cells, cancer cells have elevated levels of ROS instigated by
acquisition of oncogenes and loss of tumor suppressors. ROS from mitochon-
dria and NOXs oxidize co-localized redox-regulated target proteins to acti-
vate pro-tumorigenic signaling pathways, including HIF-1�, PI3K, and NF-�B.
Distant from the sites of production, however, ROS nonspecifically react with
nucleotides and lipids inducing oxidative damage and even cell death. These
distant damaging ROS can be controlled by antioxidant systems such as
NRF2, NADPH generation, GSH synthesis/regeneration, and GPX4. Therefore,
cancer cells producing elevated levels of ROS concomitantly increase such
antioxidant capacities. This shift in redox balance enables cancer cells to
hyper-activate the proximal ROS-mediated pro-survival and proliferation sig-
naling without experiencing ROS toxicity.
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the development of intestinal and lung cancer, respectively (69,
70). On an important note, PKM2 can channel glycolytic pre-
cursors into another NADPH-generating pathway branching
from glycolysis: one-carbon metabolism (71). One-carbon
metabolism produces NADPH as phosphoglycerate dehydro-
genase (PHGDH) catalyzes serine biosynthesis, and serine hy-
droxymethyltransferase (SHMT) subsequently incorporates a
carbon unit from the serine into folate cycle. In the folate cycle,
5,10-methenyl-THF is oxidized by methylene-THF dehydroge-
nase, generating NADPH (72). When MYC-transformed cells
are exposed to hypoxia, HIF-1� and MYC cooperatively
increase expression of the mitochondrial isoform of SHMT,
SHMT2. This facilitates production of mitochondrial NADPH,
which contributes to taming the elevated mROS during
hypoxia. Targeting SHMT2 reduced survival of the hypoxic
transformed cells, which were rescued by the antioxidant
N-acetylcysteine (73). This supports that hypoxic cancer cells
up-regulate one-carbon metabolism and the mitochondrial
NADPH level to evade ROS-induced cell death. The generation
of mitochondrial NADPH is also important for metastasis.
In anchorage-independent tumor spheroids, cytosolic IDH
(IDH1), mitochondrial IDH (IDH2), and mitochondrial citrate
transporter allow reductive carboxylation to generate NADPH
in mitochondria. This process enables cells to maintain mito-
chondrial redox balance and evade the oxidative stress induced
by detachment from extracellular matrix (74). Furthermore,
folate cycle inhibition limits distant metastasis of melanoma
cells in vivo (59), and targeting PHGDH abrogates the meta-
static capacity of breast cancer cells (75).

Collectively, cancer cells expand both their pro-oxidant and
antioxidant capacities. An example that illustrates the impor-
tance of this redox balance comes from the observation that
adenomatous polyposis coli (APC)-deficient intestinal cells use
aberrant WNT signaling to up-regulate both mitochondria and
NOX-mediated ROS production and TIGAR-mediated antiox-
idant defense (76, 77). Elimination of either pro-oxidant or anti-
oxidant driver attenuates the proliferation of the APC-deficient
intestinal crypts in vivo. Yet intriguingly, a simultaneous
removal of both synergizes to induce more severe proliferative
defects (77). This suggest that NOX and TIGAR likely regulate
independent ROS pools with opposing functions of pro-prolif-
eration and anti-proliferation, respectively: NOX generates
ROS that drive proliferation, whereas TIGAR limits the dam-
aging ROS. The data are consistent with a model in which the
ROS productions localized to the redox-regulated target pro-
teins activate pro-tumorigenic signaling pathways, whereas the
antioxidant pathways prevent accumulation of distant ROS
from nonspecifically oxidizing macromolecules and inducing
cell death (Fig. 2) (78). Further dissection of the molecular
mechanisms regulating the redox balance in cancer cells with
high spatial and temporal resolutions will provide a more com-
prehensive blueprint of the cancer redox biology.

Regulation of redox balance in T cells

T cells are critical for the establishment of host resistance
against infectious agents or tumors. To initiate the T cell-me-
diated adaptive immunity, T cell receptors (TCRs) of naive
CD4� and CD8� T cells engage with the peptide–major histo-

compatibility complex ligands displayed by antigen-presenting
cells. The TCR stimulation activates multiple signaling path-
ways and transcription factors, enabling T cells to proliferate
and acquire effector or regulatory functions. The T cell activa-
tion is accompanied by rapid generation of ROS (79), implying
a crucial role of ROS in TCR signaling. This was first evidenced
by an observation that primary T cells treated with antioxidants
following TCR stimulation exhibit reduced interleukin (IL)-2
receptor expression and proliferation (80). Antioxidants also
suppress the T cell expansion post-viral infection in vivo (81).
Interestingly, such an immunosuppressive effect of antioxi-
dants may be attributable to the necessity of redox signaling in
MYC-dependent metabolic reprogramming. MYC is an essen-
tial transcription factor in activated T cells that up-regulates
glycolysis and mitochondrial metabolism to generate the bio-
synthetic intermediates and ATP needed for cell growth and
proliferation (82). A negative regulator of MYC, AMP-activated
protein kinase (AMPK), has been found to be inhibited by
ROS post-TCR engagement (83). Therefore, ROS potentially
amplify the MYC-signaling pathway, inducing the metabolic
shift, and thus the antigen-stimulated T cell expansion.

A major source of ROS production upon TCR stimulation is
mitochondria (Fig. 3) (84). Indeed, the ROS generated by mito-
chondria are necessary for T cell activation and subsequent
proliferation. TCR engagement induces a rapid influx of cal-
cium to increase the release of mROS. T cells lacking complex
III, one of the major sources of mROS, have limited activation
of nuclear factor of activated T cells (NFAT), resulting in
reduced IL-2 expression and proliferation (Fig. 3). Importantly,
such a phenotype is rescued by exogenous H2O2, whereas wild-
type T cells treated with a mitochondria-targeted antioxidant
mimic the complex III-deficient T cells. These data strongly
support that the complex III-generated mROS is required for

Figure 3. Regulation of redox balance in T cells. Both ROS generation by
mitochondria and ROS scavenging by GSH are essential for the T cell activa-
tion. The ROS at the defined window activates nuclear factor of activated T
cells (NFAT), which in turn induces IL-2 and MYC expressions, leading to T cell
metabolic reprogramming, expansion, and differentiation into effector or
regulator cells.
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the T cell response (85). In addition, mROS from complex I and
glycerol-3-phosphate dehydrogenase contribute to IL-2 and
IL-4 production through activation of NF-�B and activator pro-
tein (AP)-1 (86, 87). Furthermore, upon TCR stimulation, mito-
chondria translocate to immune synapses where increasing
their generation of H2O2 is sufficient to potentiate the c-Jun
N-terminal kinase (JNK) and MAPK signaling (88, 89). Taken
together, mROS have a prominent signaling function during T
cell activation.

NOXs also contribute to T cell activation. The elevation of
ROS generation induced by TCR stimulation is partly depen-
dent on a phagocyte-type NOX isoform, NOX2. NOX2 can be
activated by the TCR-triggered mROS (84), thereby maintain-
ing the ROS levels to sustain T cell activation. Additionally,
DUOX1, a nonphagocytic isoform of NOX, is an integral part of
the redox signaling post-TCR stimulation. TCR engagement
activates DUOX1, which is required for the phosphorylation of
�-chain-associated protein kinase (ZAP)-70 and ERK, leading
to secretion of interferon (IFN)-�, TNF-�, IL-4, and IL-10 (90).

Although ROS is required for the T cell activation and sub-
sequent expansion, excessive levels of ROS can jeopardize their
viability. In the context of viral infection, elevated ROS produc-
tions by NOXs in granulocytes and macrophages impede
the survival of infiltrating T cells, and thus the rate of viral
clearance in vivo (91). Therefore, T cell functionality paradox-
ically depends on not only ROS but also the capacities to limit
ROS. Activated T cells restrict ROS flow across the mitochon-
drial permeability transition pores to prevent excess mROS
from entering the cytosol. Deregulation of the pore permeabil-
ity leads to increased cell death upon TCR stimulation (92),
supporting the necessity of ROS compartmentalization during
T cell activation.

Intracellular GSH is another antioxidant defense pivotal for
T cell functionality, particularly for its antigen-stimulated pro-
liferative response (Fig. 3). The GSH was first implicated in
T cell proliferation when L-buthionine-(S,R)-sulfoximine, an
inhibitor of de novo GSH biosynthesis, was found to induce T
cell cytosis (93). Subsequently, it was uncovered that antigen-
presenting dendritic cells in contact with T cells secrete cys-
teine, a precursor of GSH, to be taken up by the T cells. When
the cysteine release is inhibited, T cells are unable to proliferate
post-TCR stimulation (94), implying the importance of GSH
synthesis in the T cell response. Indeed, the de novo GSH bio-
synthesis is required to induce metabolic rewiring needed for
the activated T cells to undergo rapid proliferation. T cells lack-
ing the glutamate cysteine ligase catalytic subunit, which is nec-
essary for GSH synthesis, exhibit limited activation of NFAT
and the mechanistic target of rapamycin, resulting in a dra-
matic decrease of MYC expression. Consequently, the GSH
deficiency impairs MYC-dependent metabolic reprogramming
(Fig. 3). With the un-fulfilled biosynthetic and bioenergetic
needs, the GSH-deficient T cells fail to proliferate post-activation
and clear viral infection in vivo (95). Moreover, the necessity of
GPX4, in T cell survival, maintenance, and antigen-stimulated
expansion further highlights the crucial role of GSH-mediated
antioxidant pathways in T cell functionality (96). Collectively, anti-
oxidants, as well as localized production of mROS, are essential for
the T cell-mediated adaptive immunity.

Looking forward

A central theme in redox biology is its translational potential.
Can we manipulate the redox balance in medicine? Although
ROS are necessary signaling molecules, they can turn cytotoxic
at the wrong time, the wrong place, and the wrong amount.
This duality of ROS leads healthy and diseased cells to rely on
precisely coordinated regulations of both ROS generation and
elimination. Therefore, to achieve therapeutic benefits with
minimum adverse effects, it is crucial to target or foster ROS at
the time and/or cellular location that selectively benefits dis-
eased cells. For example, successful cancer redox therapy may
target the localized ROS pool that potentiates pro-tumorigenic
redox signaling while fostering distant ROS that induce oxida-
tive damage to cancer cells (78). This therapeutic approach is
made plausible by the recent advances in targeted antioxidants
that scavenge ROS at specific sites such as mitochondrial com-
plex I or complex III (97, 98). Furthermore, identification of
cancer cell dependences on specific antioxidants such as GPX4
encourages the development of molecules that disable such
antioxidant proteins to potentiate the distant damaging ROS
(66, 99). Importantly, the dosage of the anti- and/or pro-oxi-
dants must be regulated to preserve the redox signaling neces-
sary for the healthy cells, including anti-tumor T cells. Similarly,
immunomodulation therapy with anti- and/or pro-oxidants must
be administered at specific timing that has become dysregulated
and at a dose that does not impede normal immune responses.
Therefore, significant medical advances could arise from an
improved understanding of redox regulation with high temporal,
spatial, and quantitative resolution.
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Compartmentalization is a fundamental design principle of
eukaryotic metabolism. Here, we review the compartmentaliza-
tion of NAD�/NADH and NADP�/NADPH with a focus on the
liver, an organ that experiences the extremes of biochemical
physiology each day. Historical studies of the liver, using classi-
cal biochemical fractionation and measurements of redox-cou-
pled metabolites, have given rise to the prevailing view that
mitochondrial NAD(H) pools tend to be oxidized and important
for energy homeostasis, whereas cytosolic NADP(H) pools tend
to be highly reduced for reductive biosynthesis. Despite this
textbook view, many questions still remain as to the relative size
of these subcellular pools and their redox ratios in different
physiological states, and to what extent such redox ratios are
simply indicators versus drivers of metabolism. By performing a
bioinformatic survey, we find that the liver expresses 352 known
or predicted enzymes composing the hepatic NAD(P)ome, i.e.
the union of all predicted enzymes producing or consuming
NADP(H) or NAD(H) or using them as a redox co-factor. Nota-
bly, less than half are predicted to be localized within the cytosol
or mitochondria, and a very large fraction of these genes exhibit
gene expression patterns that vary during the time of day or in
response to fasting or feeding. A future challenge lies in applying
emerging new genetic tools to measure and manipulate in vivo
hepatic NADP(H) and NAD(H) with subcellular and temporal
resolution. Insights from such fundamental studies will be cru-
cial in deciphering the pathogenesis of very common diseases
known to involve alterations in hepatic NAD(P)H, such as dia-
betes and fatty liver disease.

A key challenge faced by all organisms is how to organize the
many chemical reactions that define cellular metabolism, many
of which if performed in a single environment would produce
futile chemical cycles, unwanted by-products, or suffer from
thermodynamic or kinetic barriers. The evolutionary solution
to this problem is compartmentalization (Fig. 1). Chemical
compartmentalization allows metabolic processes to use differ-
ent co-factors for the same reactions (e.g. NADPH for reductive

biosynthesis and NAD� for catabolism); temporal compart-
mentalization allows for different reactions to occur dynami-
cally in response to changing conditions (e.g. glycogen synthesis
during feeding and gluconeogenesis during fasting); and spatial
compartmentalization across organs and organelles allows for
metabolic specialization (e.g. different pH environments).

The pyridine dinucleotides NADH (NAD�-oxidized and
NADH-reduced) and NADPH (NADP�-oxidized and NADPH-
reduced) are key to metabolic compartmentalization. Taken
together, NAD(H) and NADP(H) are utilized by 488 human
metabolic reactions (Table S1), making them among the most
widely used metabolites in human biochemistry, exceeded only
by water and protons (see “Methods”). NAD� and NADP� are
best known as two-electron carriers that serve as key co-en-
zymes for redox biology, although it is now appreciated that
NAD� additionally plays a key role as a substrate for protein
and nucleic acid modification (1, 2) through action by sirtuins
(SIRTs)3 and poly(ADP-ribose) polymerases (PARPs). These
proteins, which sense alterations in the NAD� pool (3–5), are
key for cellular signaling (6, 7), transcriptional regulation (8),
and DNA damage repair.

The liver, the largest internal organ in humans, is a central
hub of chemical metabolism and represents an ideal window
through which to explore the biochemical basis and physiolog-
ical relevance of NAD(H) and NADP(H) biochemistry. The
liver undergoes dramatic metabolic changes at the extremes of
physiology with fasting and feeding and is the primary organ
responsible for gluconeogenesis, transamination, and deamina-
tion of amino acids, urea and ammonia metabolism, amino acid
synthesis, synthesis of blood proteins such as albumin and clot-
ting factors, lipoprotein synthesis, ketone body generation, and
first-pass xenobiotic metabolism. Many of these diverse meta-
bolic processes are linked to NAD(H) or to NADP(H). For
example, during fasting, acetyl-CoA is used as a precursor for
the formation of ketone bodies within mitochondria using
NAD�, but following feeding, it is used as a precursor for cho-
lesterol and lipid synthesis using NADPH as a co-factor (9).
Alcohol metabolism occurs primarily within the liver and gen-
erates NADH both within the cytosol and mitochondria (10,
11). Xenobiotic metabolism utilizes NADPH via cytochrome
P450 reductase for redox transformations (12). Metformin is
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the most widely used drug for diabetes in the world and is
believed to act by inhibiting mitochondrial complex I (13, 14) or
mitochondrial glycerophosphate dehydrogenase (15), both of
which are NAD�-linked enzymes.

Indeed, as we explore in this Minireview, the liver is pre-
dicted to perform more NAD(P)-linked chemical reactions
than any other tissue. It is also historically the tissue in which
paradigmatic aspects of NAD(P)� compartmentalization are
most well studied and hence are instructive for identifying
missing gaps in our knowledge that ought to help guide future
studies of NAD(P)� compartmentalization.

Hepatic NAD�/NADH and NADP�/NADPH ratios

Like other cells and tissues, the liver exhibits striking differ-
ences between NAD�/NADH versus NADP�/NADPH within
and between the cytosol and mitochondrion. Classic measure-
ments inferred compartmental free (nonprotein bound) ratios
by measuring the ratios of metabolites assumed to be enzymat-
ically coupled to compartment-specific NAD�/NADH or
NADP�/NADPH in near-equilibrium conditions (16, 17)
(Table S2). In the liver, this included the pyruvate/lactate ratio
for cytosolic NAD�/NADH (through lactate dehydrogenase,
LDH), acetoacetate/�-hydroxybutyrate for mitochondrial
NAD�/NADH (through �-hydroxybutyrate dehydrogenase),
and �-ketoglutarate/isocitrate (through isocitrate dehydroge-
nase, IDH1) for cytosolic NADP�/NADPH (16, 18).

These measurements indicated a cytosolic NAD�/NADH
ratio between roughly 500 and 1000 (highly oxidized), with a
cytoplasmic NADP�/NADPH ratio between 0.001 and 0.01
(highly reduced) (Fig. 2 and Table S2) (16, 17, 19, 20). Such
measurements support the traditional view of cytosolic
NADP�/NADPH supporting reductive biosynthesis, whereas
NAD�/NADH supports oxidation, as major cytosolic biosyn-
thetic pathways (e.g. fatty acid synthesis) require NADPH (21),
and major oxidative pathways (e.g. glucose oxidation to pyru-
vate) require NAD�. In contrast to the cytosol, classical mea-
sures demonstrate that mitochondrial NAD�/NADH ratios are
more reduced (between 5 and 10) (16, 17).

What gives rise to the 100,000-fold difference in NAD�/
NADH ratio versus NADP�/NADPH (Fig. 2A)? In the cytosol,
it is believed that the ratios are established by the activity of
highly abundant and active enzymes that are specific for
NAD(H) (e.g. LDH) or for NADP(H) (e.g. malic enzyme (ME)),
i.e. the very enzymes used by Krebs and co-workers (16, 17) to
infer the free cytoplasmic ratios. Under the assumption of near-
equilibrium conditions, the concentration of the substrates in
conjunction with the in vitro determined equilibrium constants

of the LDH and ME enzymes can be used to infer ratios of
NAD�/NADH and NADP�/NADPH, which differ by 105.

The NAD�/NADH ratio is much more oxidized in the cyto-
sol than in the mitochondrion (�500 –1000 versus �5–10),
which is separated from the cytosol by the highly impermeable
inner mitochondrial membrane (Fig. 2A and Table S2). This
difference is driven by the malate–aspartate shuttle that is able
to transfer reducing equivalents into mitochondria against the
NADH redox gradient by dissipating the 150-mV protonmo-
tive force of the mitochondrial inner membrane. Specifically,
this shuttle system relies on a co-transporter whereby extra-
mitochondrial glutamate and a proton are imported into the
mitochondrial matrix in exchange for the export of aspartate
(22, 23).

Based on our literature review there are surprisingly few if
any empirical measurements of the hepatic mitochondrial
NADP�/NADPH ratio (Table S2). There are a number of dif-
ferent enzyme systems within the mitochondrion capable of
transferring net reducing equivalents between the NAD�/
NADH and NADP�/NADPH, such as glutamate dehydroge-
nase, a highly abundant liver enzyme and one of the few
enzymes capable of using either NADH or NADPH (24). Given
this, it was initially hypothesized that intramitochondrial
NADP�/NADPH and NAD�/NAPH ratios were similar (16),
although subsequent data suggest that that mitochondrial free
NADP�/NAPH ratio is significantly more reduced due to the
action of nicotinamide nucleotide transhydrogenase, which
reduces mitochondrial NADP� while oxidizing NADH by cou-
pling to the protonmotive force (25, 26).

Classic studies of hepatic NAD�/NADH and NADP�/
NADPH free ratios reported that prolonged fasting decreased
both the cytosolic NADP�/NADPH and NAD�/NADH ratios,

Figure 1. Chemical, spatial, and temporal compartmentalization of metabolism.

Figure 2. Compartmentalization of NAD(P)(H) in hepatocytes. A, classical
measurements of the cytosolic and mitochondrial NAD�/NADH and NADP�/
NADPH ratios in rat livers. B, classical feeding/fasting changes of compart-
ment free NAD(P)� ratios. Data based on Veech et al. (16). nd, not determined;
ns, not significant.
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without significantly changing mitochondrial NAD�/NADH
ratios (Fig. 2 and Table S2) (16). As reviewed below, this con-
trasts with modern measurements of total cellular NAD� levels
that typically are increased with fasting.

Statements on the relative compartment-specific free NAD�/
NADH and NADP�/NADPH ratios must be tempered with the
fact that most of these measurements have been indirect, rely-
ing on the ratios of coupled ratios such as the pyruvate/lactate
ratio or the acetoacetate/�-hydroxybutyrate ratio, with the
underlying assumption that these chemical reactions are in
near-equilibrium. To our knowledge direct measurements of
these ratios in vivo under baseline conditions or with physio-
logical perturbations are wholly lacking.

Pool sizes of NAD(H) and NADP(H) within the liver

Although the NAD�/NADH and NADP�/NADPH ratios
are crucial for redox reactions, it is now clear that the total
amount of each molecule (pool size) is important for enzymatic
reactions that use these molecules as substrates rather than
co-factors. To date, this role is most clearly defined for NAD�,
which serves as a substrate for NAD�-dependent sirtuins (8)
and PARPs (1). Measurements of total murine hepatic NAD(H)
and NADP(H), typically performed using enzymatic coupling
methods or HPLC measurements, have varied broadly and
been reported between approximately 10 and 4000 nmol/g of
tissue for NAD�, 100 and 300 for NADH, 50 and 600 for
NADP�, and 100 and 300 for NADPH (Table S2) (27–29).
Interestingly, the reported values for cellular NAD� are signif-
icantly higher than the Km values of SIRTs and PARPs (30).

Alterations in the pool size versus ratio of individual
NAD(P)� species can have distinct biochemical consequences.
For example, as the cytosolic NAD�/NADH ratio is high (500 –
1000) (17), doubling the cytosolic free NADH concentration
would change the cytosolic NAD� levels by less than 1% but
would roughly halve the NAD�/NADH ratio. Such a small
change in NAD� levels would not be expected to impact sir-
tuins, which use NAD� as a substrate and are likely not influ-
enced by NADH concentrations (31). However, it would be
expected to have significant metabolic effects through enzymes
using NAD(H) as redox cofactors, such as halving cytosolic
pyruvate levels via the activity of LDH. In contrast, a process
that depletes cellular NAD�, for example through DNA dam-
age and subsequent PARP activation, could reduce total cellular
NAD� levels and hence the activity of sirtuins (32).

Most (4, 33, 34) but not all (35, 36) studies have shown that
fasting increases total cellular and mitochondrial NAD�, which
conflict with classic measurements that demonstrate more
reduced, compartment-specific free pools with fasting, partic-
ularly with respect to the cytosolic NADP�/NADPH ratio
(Table S2) (16, 17). Given the central importance of these val-
ues to hepatic physiology, parallel measurements of in vivo free
ratios and pool sizes during these feeding and fasting transi-
tions are urgently needed.

It should also be noted that published values for total cellular
NAD(P)� provide little insight into important redox parame-
ters such as compartment-specific pool sizes and compartment-
specific ratios of free NAD�/NADH or NADP�/NADPH.
Although HPLC, MS, or enzymatic kit-based assays of total

amounts of NADP(H) or NAD(H) from whole-cell or tissue
lysates are relatively straightforward, they do not distinguish
the substantial portion of protein-bound molecules from the
unbound (free) molecules (37, 38) and cannot distinguish com-
partment-specific values; therefore, it is difficult to infer con-
centrations of free dinucleotides.

Survey of the hepatic NAD(P)ome

Historically, much of the focus of NAD(H) and NADP(H)
biochemistry has been on compartmentalization of anabolic
and catabolic metabolism in the cytosol and mitochondrion.
Genomics offers the opportunity to begin with a blank slate and
to predict the extent of NAD(P)H biochemistry outside these
compartments. To this end, we performed a bioinformatics
survey of genes related to NAD(P)�, which we term the
NAD(P)ome, with a particular focus on the hepatic NAD-
(P)ome (Fig. 3).

We define the NAD(P)ome as the union of human gene
products involved in NAD(P)� biosynthesis (including de novo
synthesis, salvage, repair, and turnover), all enzymes that use
NAD(P)� as redox cofactors, and all gene products that utilize
NAD(P)� as substrates. We assembled and manually reviewed
a candidate list of enzymes using literature search, enzyme
databases (KEGG) (39 –41), the presence of NAD(P)-binding
domains from protein domain databases (PFAM (42) and Inter-
pro (43)), and automated annotation databases (NCBI Gene
Ontology (44, 45)) (see under “Methods”). These methods iden-
tified a set of 426 NAD-linked human gene products that define
the human NAD(P)ome.

We next focused on the hepatic NAD(P)ome, which we
define as the 352/426 (83%) of proteins with evidence of liver
expression in human or mouse (Fig. 3A). Indeed, the liver con-
tains the largest number of NAD(P)ome genes of any human
tissue (Fig. 3B). Moreover, the liver has the highest number
of tissue-specific NAD(P)-linked enzymes, including 40 cyto-
chrome P450 enzymes and 24 alcohol or aldehyde dehydroge-
nase enzymes classically associated with xenobiotic and alcohol
metabolism (Fig. 3B). To our surprise, many enzymes involved
in NAD� or NADP� de novo biosynthesis appear to be highly
enriched in the liver (i.e. AFMID, NADK2, KMO, TDO2,
HAAO, and QPRT), predicting a role for the liver in whole-body
NAD� biosynthesis (Fig. 4). In addition to these well-studied pro-
teins, the hepatic NAD(P)ome contains 32 predicted NAD�- or
NADP�-linked enzymes that await characterization (Table S1).

Subcellular localization of the hepatic NAD(P)ome

We can begin to estimate the subcellular distribution of the
hepatic NAD(P)ome using data from the Human Protein Atlas
(Fig. 3D) (46). Although far from definitive, this resource allows
initial evaluation of spatial compartmentalization, and data are
available for nearly 70% of the proteins in the hepatic NAD-
(P)ome. Although �40% of the hepatic NAD(P)ome is pre-
dicted to reside within the cytosol or mitochondria, a surprising
60% is predicted to localize in other compartments, including
the nucleus (62 proteins), ER (9 proteins), golgi (6 proteins),
peroxisome (13 proteins), and even the lysosome (2 proteins)
(Table S1). There is evidence that the membranes of the ER and
Golgi are not permeable to NAD(P)H and hence likely contain
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pools separate from the cytosol (47–50). How compartmental
levels of NAD(P)� in these organelles are influenced, trans-
ported, or regulated are largely unknown.

Our survey reveals that the nucleus appears to be a particu-
larly rich organelle for NAD(P)H metabolism; in addition to
PARPs and SIRTs, there are over 60 NAD(P)-linked enzymes
with predicted localization to the nucleus, including many with
unknown function (e.g. OXNAD1). At present, it is unclear
whether there are significant differences between the NAD�/
NADH ratio in the cytoplasm versus the nucleus (51, 52), but it
is likely that local spatial variations may influence enzyme activ-
ity (53) and may provide a metabolic rationale for localization in
the cytosol versus nucleus.

Fasting/feeding variation of the expression of the hepatic
NAD(P)ome

The liver exhibits dramatic transcriptional changes with fast-
ing and feeding, and many of these varying pathways are crucial
for hepatic physiology (e.g. cholesterol biosynthesis and gluco-
neogenesis). Nearly a third of hepatic NAD(P)ome genes dis-
play significant differences in gene expression between fasting
and feeding based on a recent transcriptome survey (105/362
genes) (54), the majority of which replicate using two similar
datasets (Fig. 3E and Table S1) (55, 56). For example, multiple
enzymes in de novo NAD� biosynthesis increase with fasting
(TDO2, AFMID, KMO, and KYNU) (Fig. 4).

Diurnal variation in gene expression of the hepatic
NAD(P)ome

Temporal (circadian) variation in gene expression serves to
anticipate and orchestrate daily organismal physiology. In the

liver, circadian rhythms drive periodic expression of over 3000
genes, higher than in any other tissue (57, 58), and the cellular
redox state has been shown both to vary with circadian period-
icity and to also itself to regulate the circadian cycle (59). For
example, both total NAD� levels and the rate-limiting enzyme
of NAD� salvage, nicotinamide phosphoribosyltransferase
(NAMPT), display circadian oscillations (60). In addition, the
NAD�-dependent deacetylase SIRT1 modulates activity of the
CLOCK–BMAL1 complex that drives circadian oscillations.

Based on one representative liver transcriptome study (57),
we find that nearly 1⁄4 of the hepatic NAD(P)ome shows circa-
dian variation (Fig. 3F). For example, strong circadian expres-
sion is observed for NADK, a cytosolic enzyme that converts
NAD� to NADP� (61) and is thought be a major determinant
of cytosolic NADPH versus NADH (62–64). These expression
dynamics match those of 3-hydroxy-3-methylglutaryl-CoA
reductase (Fig. 3G), the rate-limiting step of cholesterol biosyn-
thesis and an avid consumer of NADPH in the cytosol, raising
the hypothesis that NADK may temporally influence NAD�

and NADP� levels to optimize temporal changes in cholesterol
biosynthesis. Mitochondrial NAD kinase (NADK2) (65) does
not exhibit circadian variation.

Ongoing challenges and future opportunities

Historically, investigations of hepatic NADH and NADPH
have been largely limited to differences between mitochondria
and cytosol and the paradigm that cytosolic NADPH is used for
reductive biosynthesis, whereas mitochondrial NAD� is uti-
lized for catabolism. Studies over the past decade have indi-
cated that NAD� can also serve as a key substrate for protein
modifications and for the DNA damage response. Our genomic

Figure 3. Compartmentalization of the hepatic NAD(P)ome. A, hepatic NAD(P)ome is defined as the 352 members of the human NAD(P)ome that show
expression in liver. B, tissue expression is shown across 15 human tissues selected from the GTEx atlas. Expression is shown as RPKM mapped reads. C, relative
distribution of hepatic enzymes using NAD(P)� as cofactors in redox reactions, as substrates, or in NAD(P)� biosynthesis. D, subcellular distribution of the
hepatic NAD(P)ome with data available from the Human Protein Atlas (HPA). E, temporal compartmentalization during fasting/feeding is shown for 105
hepatic NADPome genes showing significant differential expression changes based on the Montagner et al. (54) study in the mouse (Student’s t test p value �
0.05 after Bonferroni correction). F, gene expression is shown for the 83 genes showing significant circadian periodicity from Hughes et al. (57). Gray bars
indicate periods of darkness. G, circadian expression of NADK and HMGCR based on data from Hughes et al. (57).
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survey here demonstrates a surprisingly large number of
NAD(P)�-linked enzymes that are predicted to be localized to
other compartments, notably the nucleus and ER, and that
many of these NAD(P)�-linked processes show diurnal or feed-
ing/fasting variation, predicting they may be highly regulated to
control physiology.

It is clear that NAD(P)H play a much broader role than the
traditional paradigm, yet there are important gaps in our fur-
ther understanding of this expanded role. First, little is known
about NAD(P)H redox ratios and pools sizes in these other
subcellular compartments, and even within mitochondria and

cytosol, more direct measurements are required. Second, the
dynamics of subcellular compartmental hepatic NAD(P)� lev-
els in different nutritional states (such as with feeding and fast-
ing) remain poorly understood. Although classic studies esti-
mated these ratios using coupled metabolites, most modern
measurements have resorted to measuring total cellular NAD�

or NADH pools (4, 33, 34). However, because of NAD(P)�
compartmentalization and complexity of free-versus-bound
pools, these modern cellular measurements are an incomplete
assessment of relevant compartment-specific redox states,
which should involve measurements of both total pool sizes and
free ratios. These limitations underscore the need for revisiting
this problem to more precisely measure compartment-specific
free ratios and pool sizes in vivo. Finally, given the central role
NAD(P)� plays in metabolism, it is unclear to what extent com-
partmental NAD(P)� is the determinant of rather than the indi-
cator of different aspects of cellular metabolism, which can only
be clarified through direct, compartment-specific manipula-
tion of NAD(P)� redox ratios and pool sizes.

Although these challenges seem daunting, the last several
years have seen the development of genetic tools for measuring
and manipulating NADH and NADPH metabolism that should
facilitate these investigations. These tools can be genetically
targeted to different subcellular compartments and can thus
overcome many of the traditional limitations of existing tools.
For example, fluorescence protein reporters have been devel-
oped to directly measure NADH (66), the NAD�/NADH ratio
(52, 67– 69), and NADPH (51) in the cytosol, as well as NAD�

(70) and the NAD�/NADH ratio in the mitochondria (68, 70).
Application of such tools is beginning to reveal new insights,
including subcellular dynamics of NAD� synthesis in the
nucleus and cytoplasm (70) and preferential pathways support-
ing cytosolic NADPH over NADH production in glucose-lim-
iting conditions in a cancer cell line (51). Concurrently, new
genetic tools are being developed to directly manipulate com-
partment-specific NADH or NAD redox metabolism. For
example, we have targeted a bacterial water-forming NADH
oxidase from Lactobacillus brevis (LbNOX) to the cytosol and
to mitochondria to manipulate NAD�/NADH levels in living
cells (73), and more recently, we rationally engineered a quin-
tuple mutant of this enzyme, called TPNOX, that is highly spe-
cific for compartment-specific oxidation of NADPH (74). In the
future, it should be possible to render these enzymes to be
under the control of light or small molecules to allow for tem-
poral analysis (75, 76). These methods will needed to be com-
bined with methods to alter pool sizes, for example by providing
biosynthetic precursors, to tease apart the relative contribu-
tions of NAD(P) redox ratios versus pool sizes in driving
physiology.

The insights derived from such basic studies are likely to
prove invaluable in furthering our understanding of the patho-
genesis of common liver diseases that have been linked to
derangements in hepatic NAD(P)�, such as alcoholic liver dis-
ease, nonalcoholic fatty liver disease, and diabetes (10, 11,
77– 80). How can we reconcile, for example, that boosting total
hepatic NAD� levels by providing precursors improves glucose
homeostasis in mice (80), but that metformin, one of the most
widely prescribed diabetic drugs in the world, exerts its effect

Figure 4. Relative hepatic expression and feeding/fasting changes of the
NAD(P) biosynthesis/salvage pathway. A, histogram of liver-specific
expression of all genes, hepatic NAD(P)ome genes, and the NAD(P) biosyn-
thesis/salvage pathway based on GNFv3 mouse tissue atlas (71). B, schematic
diagram of NAD(P) biosynthesis/salvage genes showing liver-specific expres-
sion (Z-score in the GNFv3 mouse tissue atlas (71)) and in fasting versus
refeeding (54), where arrows indicate significant changes based on Student’s
t test, after Bonferroni correction.
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through decreasing the cytosolic hepatic NAD�/NADH ratio
(15). Such examples illustrate the complexities that underlie
measurements of total cellular NAD(P)� and how compart-
mental approaches to understanding NAD(P)� biology will be
required to dissect organ level pathophysiology.

Methods

Identifying NAD(P) reactions

The KEGG database of reactions, enzymes, and genes was
downloaded (5/30/2017) (39 –41). To limit to human metabolic
reactions, human gene identifiers were mapped to enzyme
commission identifiers and then to KEGG reaction identifiers,
yielding a total of 2444 unique human reactions, containing a
total of 2268 compounds. Thus, by using KEGG, each com-
pound was linked to one or more human reactions: 990 reac-
tions linked to H2O, 543 to H�, 488 to NAD(P)(H) (Table S1),
323 to oxygen, 262 to ATP, etc.

Building the NAD(P)ome

Human and mouse RefSeq proteins (release 63) were down-
loaded from NCBI and mapped to NCBI Gene loci (81). Human
and mouse orthologs were assigned via best bidirectional hit
(BlastP, Expect �1e-3) (82). Human genes were linked to
enzyme commission (EC) numbers via a union of annotations
in KEGG (5/30/2017) (39 –41) and UniProt Description (DE)
annotations (2/22/2017) (83). A candidate NAD(P)� list was
generated from the union of four methods (see Table S1): 1)
identify human enzymes linked to NAD metabolism by first
mapping each human gene to a set of EC identifiers and then
mapping EC identifiers to KEGG reactions that utilized
NAD(P)� (specifically, KEGG chemical identifiers C00003,
C00004, C00005, or C00006); 2) identify human protein
sequences containing NAD-related binding domains based
on PFAM or Interpro (annotated in UniProt), where protein
domains with descriptions that contained “NAD” were manu-
ally reviewed for inclusion (e.g. “Oxidoreductase NAD-binding
domain” and “NAD-dependent epimerase/dehydratase fami-
ly”); 3) identify human genes associated with NAD, in the Gene
Ontology (GO) molecular function database from NCBI (09/
14/2017), where annotations containing “NAD” were manually
reviewed for inclusion; and 4) manual inclusion of all genes
related to NAD(P) biosynthesis, subunits of large NAD dehy-
drogenase complexes (e.g. complex I, BCKD), and cytochromes
P450. This candidate list of 540 human genes was manually
reviewed to exclude genes with weak evidence, yielding a final
list of 426 genes in the human NAD(P)ome. Most of these 426
genes were identified by multiple sources: 335 enzymes were
linked to NAD(P) in KEGG; 271 contained NAD-related pro-
tein domains; 254 had NAD-related GO annotations; and 29
were added by manual review (see Table S1 for complete
details).

Hepatic NAD(P)ome

The hepatic NAD(P)ome was defined as those genes showing
minimal liver expression in any of three experimental tissue
atlases from human or mouse: 1) human mRNA transcripts
with median RPKM �2 in the GTEx v6p RNA-Seq tissue atlas

(84) (including 53 tissues from 544 human autopsy donors;
Ensembl gene identifiers were mapped to NCBI gene identifiers
via Ensembl BioMart (85)); 2) proteins detected by MS in
mouse liver with log10 (total intensity) �5 within a 28-tissue
protein atlas (86); 3) mouse mRNA transcripts with log2
(expression) �5 based on the GNFv3 microarray atlas survey-
ing 91 mouse tissues (71). The 352 hepatic NAD(P)ome genes
were manually reviewed, and 32 proteins were annotated as
“unstudied” based on the numbers of publications in PubMed,
automated annotations using the GO biological process, and
manual literature review. The liver expressed more NAD-
(P)ome genes compared with other GTEx tissues, based on
counting the total number of NAD(P)ome genes expressed in
each GTEx tissue (defined as RPKM �2). Liver-specific genes
were defined as those with liver expression at least three stan-
dard deviations higher than mean expression across all tissues
(i.e. liver Z-score �3).

Integrating datasets

Subcellular localization was defined using the Human Pro-
tein Atlas (46). Categories were assigned based on the “main
locations” from Table 6 in Ref. 46, and then mapped to 13 loca-
tions as shown in Fig. 1A in Ref 46. For organelles not present in
the Human Protein Atlas (e.g. peroxisome and lysosome), sub-
cellular localizations were systematically identified from Uni-
Prot (downloaded 2/22/2017). Circadian data were obtained
from a Hughes et al. (57) microarray time course experiment
where mouse livers were obtained hourly over 48 h. The gene
expression series GSE11923 was obtained from the Gene
Expression Omnibus (72). Probe sets were mapped to genes via
Affymetrix mapping files, and for each gene the best probe set
was retained based on the probe set annotation suffix (prefer-
entially using probe sets ending in_at, then a_at, then x_at then
s_at) and then the highest mean expression; Z-scores were
computed for each dataset. Genes showing circadian patterns
were defined as those showing significant circadian patterns at
8, 12, or 24 h based on the supporting data in Hughes et al. (57).
Fasting/feeding data were obtained from Montagner et al. (54)
that interrogated liver gene expression in mice fed ad libitum,
fasted for 24 h, and fasted for 24 h and then refed for 24 h
(with a minimum of four biological replicates per condition).
Genes that showed differential fasting/feeding expression were
defined as those with a p value �0.05 (after Bonferroni correc-
tion), based on the mean across five fasting time points versus
five refeeding time points (two-sided, homoscedastic t test).
These 105 genes were also investigated using two independent
datasets of mouse fasting/refeeding (GSE13093 (55) and
GDS4872 (56)), and 65 showed concordant fasting/feeding
changes in either study (same direction and nominal p value
�0.05).
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For decades, lipids were assumed to fulfill roles only in energy
storage and membrane structure. Recent studies have discov-
ered critical roles for phospholipids, sphingolipids, and sterols
in many cellular pathways, including cell signaling and tran-
scriptional regulation. Frequently, lipids from these various
classes work together to achieve defined cellular outcomes. Spe-
cific mitochondrial lipids are critical for proper assembly of the
electron transport chain complexes and for effective responses
to mitochondrial damage, including maintenance of mitochon-
drial protein homeostasis, regulation of mitophagy, and induction
of apoptosis. In this Minireview, we will primarily focus on mito-
chondrial lipid signaling mediated by lipid–protein interactions.

Lipids are a class of nongenetically encoded hydrophobic or
amphipathic molecules essential for life (1). Historically, lipids
were ascribed roles exclusive to energy storage and membrane
structure. However, studies conducted over the last quarter of a
century have demonstrated active roles for lipids in informa-
tion transfer through cell signaling and transcriptional regula-
tion. Bioactive lipids fulfill these roles through lipid–lipid and
lipid–protein interactions. Lipid–lipid interactions alter the
biophysical properties of a membrane, thereby affecting mem-
brane architecture and the ability of proteins and other mole-
cules to interact with the membrane and each other (2). Lipid–
protein interactions can regulate the function of target proteins
by modulating their activity or by targeting proteins to distinct
regions of the cell to carry out specific activities or act on spe-
cific substrates (3).

The abundance of individual lipids within the cell strongly
influences the mechanisms whereby a given lipid can partici-
pate in cell signaling (3). Changes in the abundance of a rare
lipid, such as sphingosine 1-phosphate, are unlikely to alter the
biophysical properties of a membrane. Rather, such lipids are
more likely to interact with high-affinity receptors that can
detect changes in their abundance, even at low absolute con-
centrations. However, highly abundant lipids have the ability to
perturb the organization and biophysical properties of a mem-
brane as their concentration changes. Because of the more sub-
stantial progress in our understanding of this area, this Minire-

view will primarily focus on lipid signaling that is mediated by
lipid–protein interactions.

Pioneering discoveries in lipid signaling

One of the pioneering discoveries of how lipid–protein inter-
actions affect signaling pathways centers around the different
fates of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2).2
PI(4,5)P2 can be hydrolyzed by phospholipase C to produce the
second messengers, inositol trisphosphate (IP3) and diacylglyc-
erol (DAG) (4). IP3 binds to IP3 receptors at the endoplasmic
reticulum membrane to promote Ca2�-dependent signaling
and DAG, in combination with Ca2�, aids in the activation
of protein kinase C (5–7). Alternatively, PI(4,5)P2 can be phos-
phorylated by a phosphoinositide 3-kinase to generate phos-
phatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 then recruits
pleckstrin homology domain-containing proteins, such as the
AKT protein kinase, which in turn activate pathways required for
cell growth and survival (5). In the remainder of this Minireview,
we will examine how other lipid species, similar to the phosphoi-
nositides described above, affect cellular processes through spe-
cific protein interactions, with a specific focus on signaling path-
ways that regulate mitochondrial function and quality.

Cardiolipin trafficking and mitophagy

Cardiolipin is a specialized phospholipid, composing almost
20% of the lipid content in the mitochondrial inner membrane
(MIM). In healthy mitochondria, cardiolipin is found almost
exclusively in the MIM, where it helps to stabilize cristae and
support the assembly and function of electron transport chain
complexes (8, 9). However, recent studies have shown that
mitochondrial injury, depolarization, and other damage signals
cause externalization of cardiolipin to the mitochondrial outer
membrane (MOM) where it is exposed to the cytosol (8, 10).
This MOM-localized cardiolipin appears to have very impor-
tant signaling functions. Decreased delivery of mitochondria to
autophagosomes was observed upon genetic deletion or RNAi
knockdown of cardiolipin synthase or upon knockdown of
two enzymes that translocate cardiolipin to the MOM, phos-
pholipid scramblase-3 or nucleoside diphosphate kinase D
(NDPK-D) (8, 10, 11). Through a combination of molecular
docking analyses, in vitro binding assays, and fluorescence
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microscopy, Chu et al. (8) identified sites on LC3, a component
of the autophagy machinery, required for direct interaction
with MOM cardiolipin and for mitophagy (Fig. 1). Additional in
vitro binding studies suggest that a conserved domain of Beclin
1, another component of the autophagic machinery, exhibits
enhanced affinity toward cardiolipin-enriched membranes
(12). These data suggest that the translocation of cardiolipin
from the MIM to the MOM acts as a signal, perhaps indicative
of mitochondrial dysfunction, to eliminate these organelles
through the process of mitophagy (8).

Sphingosine 1-phosphate and the electron transport
chain

One of the most studied bioactive sphingolipids, sphingosine
1-phosphate (S1P), is a critical regulator of various physiologi-
cal processes and has been implicated in multiple human dis-
eases, including cancer, diabetes, and atherosclerosis. Secreted
S1P can bind to one of five G-protein-coupled receptors and
regulate cell proliferation, angiogenesis, migration, cytoskele-
ton organization, endothelial cell chemotaxis, immune cell traf-
ficking, mitogenesis, and other processes (13). Alternatively, S1P
can regulate processes intracellularly, through interaction with

various proteins, including the histone deacetylases, HDAC1 and
HDAC2 (14), PKC� (15), and TRAF2 (16).

Through a series of lipid pulldown and immunoprecipitation
assays, Strub et al. (17) show that S1P directly binds the pro-
hibitin PHB2, a highly conserved chaperone regulating mito-
chondrial assembly and function. Knockout of the SphK2
sphingosine kinase, the principal source of mitochondrial S1P,
disrupts interactions between PHB2 and cytochrome c oxidase,
accompanied by aberrant assembly of cytochrome c oxidase
and reduced mitochondrial respiration. Another study demon-
strated that inhibition of SphK2 caused decreased expression of
mitochondrial transcription factor A (TFAM) and superoxide dis-
mutase 2 (SOD2) as well as a reduction in cellular ATP (18). These
data support the hypothesis that S1P is important for regulating
mitochondrial function, at least partly through cytochrome c oxi-
dase assembly and mitochondrial respiration (Fig. 1) (17).

Ceramide, mitochondrial stress, and apoptosis

As discussed earlier, lipids confer bioactivity through specific
lipid–protein interactions or through lipid–lipid interactions
that modulate membrane structure and dynamics. The lipids
presented thus far, phosphoinositides, cardiolipin, and S1P, all

Figure 1. Mitochondrial lipids contribute to several mitochondrial functions. A, under mitochondrial stress conditions, ergosterol (erg) oxidation to
ergosterol peroxide (EP) recruits the Vms1–Cdc48 complex to mitochondria to aid in maintaining mitochondrial protein homeostasis. B, in response to
mitochondrial damage, cardiolipin (CL) translocates from the mitochondrial inner membrane to the outer membrane where cardiolipin and ceramide (Cer) bind LC3
and LC3B-II to recruit autophagosomes to damaged organelles. C, mitochondrial damage can also lead to accumulation of mitochondrial ceramide where BAX and
ceramide work synergistically to create proteolipid pores through which cytochrome c can exit and activate the apoptotic pathway. D, sphingosine 1-phosphate (S1P)
binds the chaperone prohibitin (PHB2), which facilitates PHB2 interactions with cytochrome c oxidase and its subsequent assembly.
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appear to confer bioactivity primarily through specific lipid–
protein interactions. However, both lipid–lipid interactions
that affect membrane structure as well as specific lipid–protein
interactions have been implicated in the mitochondrial effects
conferred by ceramide.

First, ceramide fulfills a role in regulating mitophagy. Sen-
telle et al. (19) show that overexpression of CerS1, which gen-
erates C18 ceramides, induces mitophagy. They demonstrate
that C18-ceramide directly binds LC3B-II, thereby recruiting
the autophagosomal machinery to mitochondria and inducing
mitophagy. Accordingly, amino acid substitutions that disrupt
the interaction between LC3B-II and ceramide prevent LC3B-
II– containing autophagosomes from being targeted to mito-
chondria (19). In this manner, C18-ceramide serves as a recep-
tor or anchor for autophagosomes, selectively recruiting them
to mitochondria and promoting mitophagy (Fig. 1). How cer-
amide activities in recruiting the mitophagy machinery relate to
those of cardiolipin remains to be determined.

Ceramide has also been implicated in promoting apoptosis.
Ceramide is generated within the cell via de novo synthesis or
via sphingomyelin hydrolysis, and its levels increase in response
to various stress stimuli. Mitochondrial targeting of a bacterial
sphingomyelinase (20) or stress-induced activation of neutral
sphingomyelinase 1 (21) promotes sphingomyelin hydrolysis to
produce ceramide and promote apoptosis. Ectopically targeting
the ceramide transfer protein to mitochondria causes ceramide
import into mitochondria and apoptosis (22). Exogenous addi-
tion of ceramides to cultured cells or isolated mitochondria has
been shown to induce cytochrome c release from mitochondria,
a step that sets the apoptotic process in motion. It is possible
that this apoptotic process is mediated by the formation of cer-
amide channels in the MOM, which is supported by observa-
tions that ceramides form stable pores in membranes in vitro (23).
Furthermore, exogenous ceramide addition to cells promotes
translocation of the pro-apoptotic BAX protein to mitochondria.
In experiments using purified mitochondria, activated BAX and
ceramide work synergistically to create proteolipid pores through
which cytochrome c can exit mitochondria and activate the apo-
ptotic pathway (Fig. 1) (24).

Additional studies demonstrate roles opposing ceramide-
mediated apoptosis for anti-apoptotic members of the Bcl-2
protein family. Overexpression of the pro-survival Bcl-2 atten-
uates neutral sphingomyelinase 1 activation, ceramide accu-
mulation, and subsequent apoptosis in response to etoposide
treatment in glioma cells (25). Addition of purified mammalian
Bcl-xL or CED-9, its Caenorhabditis elegans homolog, to rat
mitochondria prevents ceramide-induced MOM permeability,
possibly by disrupting the formation of ceramide channels (26).

Proteotoxic stress in the mitochondria is detected by a sur-
veillance system called the mitochondrial unfolded protein
response (UPRmt) (27). In C. elegans, activation of the UPRmt

causes the induction of several mitochondrial chaperone genes,
including hsp-6 (28). One study demonstrated that inhibition of
sphingolipid and ceramide synthesis, either genetically or phar-
macologically, prevents nematodes from inducing hsp-6 in
response to antimycin treatment (29). Conversely, these treat-
ments have no effect on the induction of endoplasmic reticu-
lum stress reporters, suggesting a specific role for ceramides in

the response to mitochondrial stress. Furthermore, exogenous
addition of ceramides to these nematodes, particularly C24-cer-
amide, restores hsp-6 induction in the presence of antimycin
but does not induce hsp-6 in the absence of stress (29), suggest-
ing that ceramide is necessary, but not sufficient, for the cellular
response to this mitochondrial stress.

Several studies have also implicated ceramides in affecting
electron transport chain (ETC) activity. Hepatocytes from mice
heterozygous for CerS2, the ceramide synthase that preferen-
tially produces very long-chain ceramides in the liver, exhibit
decreased activity of ETC complex II and complex IV. These
effects on ETC activity are largely phenocopied by overexpres-
sion of CerS6, which produces shorter ceramides (30). Another
study demonstrated increased mitochondrial biogenesis and
�-oxidative capacity in brown adipocytes upon CerS6 deletion
(31). Increased ETC activity has also been observed in adipocytes
lacking serine palmitoyltransferase, an enzyme required for the
synthesis of ceramide precursors (32). Although these experi-
ments provide compelling evidence for a role for ceramides in
modulating ETC activity, the mechanisms through which this
occurs are unclear.

Ergosterol peroxide and protein quality control at
mitochondria

Recently, we discovered a distinct mechanism activated in
response to mitochondrial stress that is dependent on another
type of lipid, oxidized sterols (33, 34). In Saccharomyces cerevi-
siae, there are low levels of the oxidized sterol, ergosterol per-
oxide (EP), in the MOM in unstressed conditions. We hypoth-
esize that stressors induce mitochondrial damage (35) and
increased production of damaging ROS (36), which can disrupt
mitochondrial protein import and damage existing macromol-
ecules. Furthermore, these ROS oxidize ergosterol in the MOM
to EP (37), which acts as a signal to recruit Vms1 to damaged
mitochondria. We show that EP directly binds to Vms1, a pro-
tein adaptor for the AAA-ATPase, Cdc48, and that increased
EP abundance enhances Vms1 binding to membranes (Fig. 1)
(34). Upon recruitment of the Vms1–Cdc48 complex by EP,
Cdc48 is thought to extract ubiquitylated polypeptides from the
MOM for their subsequent degradation by the proteasome
(33). Recent data also suggest that Vms1 might be recruited as
part of the ribosome quality control (RQC) system to assist in
the ubiquitin-mediated degradation of nascent polypeptides
whose ribosomal synthesis and concurrent import into mito-
chondria have been stalled (38). This combination of structural,
genetic, and biochemical analyses suggests how mitochondrial
stress causes a nonenzymatic increase in mitochondrial EP
abundance that can recruit the Vms1–Cdc48 complex and/or
the RQC machinery to aid in maintaining mitochondrial pro-
tein homeostasis.

The discovery that mitochondrial sterol oxidation manifests
an “SOS” signal to the rest of the cell represents a novel mech-
anism whereby a direct by-product of oxidative stress/damage
acts as a direct signal. It is also unique in that it couples damage
to the recruitment or engagement of the degradative functions
of the mitochondrial ubiquitin–proteasome system. Through
this mechanism, the cell can initiate a rapid response to aid
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the damaged mitochondria before mitophagy and/or apoptosis
become necessary.

Oxidized sterols contribute to myriad cell-signaling
pathways

The very recent discovery that sterol oxidation contributes to
mitochondrial quality control is quite distinct from roles previ-
ously described for oxidized sterols. To provide a more com-
plete backdrop of the diverse contributions made by oxidized
sterols to signaling pathways throughout the cell, we will out-
line the wide range of nonmitochondrial signaling pathways
influenced by oxidized sterols, beginning with Hedgehog (Hh)
signaling. In medullablastoma (MB) cells, Hh signaling is inhib-
ited upon treatment with zaragozic acid, which disrupts sterol
biosynthesis without inhibiting isoprenoid biosynthesis. How-
ever, the addition of exogenous cholesterol or oxysterols
restores Hh signaling in MB cells, likely by directly associating
with and activating Smoothened (39, 40).

Cholesterols and oxysterols also regulate sterol regulatory
element– binding protein (SREBP) transcription factor traf-
ficking and activation by promoting interactions between
SREBP cleavage-activating protein (SCAP) and Insig proteins
(41, 42). Cholesterol binds to SCAP triggering an association
with Insigs, and oxysterols bind Insigs triggering Insig associa-
tion with SCAP. Insig dissociation from SCAP is required for
proper SREBP trafficking and induction of expression of the
enzymes for fatty acid and cholesterol biosynthesis (43).
Through this mechanism, elevated cholesterol or oxysterol
abundance acts as a negative feedback inhibitor of the expres-
sion of cholesterol biosynthetic genes.

In addition to influencing Hh signaling and SREBP pro-
cessing, oxysterols modulate several other pathways. Liver X
receptors (LXRs) are nuclear receptors that regulate cholesterol
metabolism and homeostasis and are activated upon binding to
oxysterols (44). In a potentially deleterious manner, several oxy-
sterols inhibit estrogen receptor activity (45). 27-Hydroxycho-
lesterol (27HC) inhibits estrogen-dependent production of
nitric oxide leading to reduced vasorelaxation of rat aorta. Fur-
thermore, dietary, pharmacological, or genetic perturbations
that cause increased 27HC levels, cause repression of carotid
artery re-endothelialization (45). Finally, several proteins con-
served throughout eukarya, belonging to the oxysterol-binding
protein-related family, bind to oxysterol ligands to regulate var-
ious processes, including lipid metabolism, vesicle transport,
cell adhesion, and JAK/STAT signaling (46, 47).

Conclusion

Lipids actively contribute to both intracellular and extracel-
lular signaling pathways regulating diverse cellular processes.
In many instances, lipids from various classes appear to coop-
erate to achieve a specific cellular outcome. For example, the
phospholipid cardiolipin and the sphingolipid ceramide com-
bine to induce mitophagy. Cardiolipin binds to LC3 (8) and
ceramide binds to LC3B-II (19), leading to autophagosome
recruitment and formation. The diverse combinations of lipid
species that might cooperate to achieve a specific outcome
illustrate the diversity of lipid signaling possibilities (48).

Advances in the technology we use to measure lipid abundance,
localization, and interactions with proteins will undoubtedly
increase our ability to discover and define new signaling mech-
anisms mediated by lipids. However, the greatest advance-
ments in our understanding of how lipids mediate cell signaling
will come as the manner in which we think about lipids contin-
ues to evolve. As our view of possible lipid functions expands,
we will uncover novel contributions from lipids to signaling
pathways of importance in human health and disease.
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Lipoic acid is an essential cofactor for mitochondrial metab-
olism and is synthesized de novo using intermediates from mito-
chondrial fatty-acid synthesis type II, S-adenosylmethionine
and iron–sulfur clusters. This cofactor is required for catalysis
by multiple mitochondrial 2-ketoacid dehydrogenase com-
plexes, including pyruvate dehydrogenase, �-ketoglutarate
dehydrogenase, and branched-chain ketoacid dehydrogenase.
Lipoic acid also plays a critical role in stabilizing and regulating
these multienzyme complexes. Many of these dehydrogenases
are regulated by reactive oxygen species, mediated through the
disulfide bond of the prosthetic lipoyl moiety. Collectively, its
functions explain why lipoic acid is required for cell growth,
mitochondrial activity, and coordination of fuel metabolism.

Lipoic acid (6,8-dithiooctanoic acid) was first identified by
Reed and co-workers (1, 3) and Jukes and co-workers (2) in the
1950s, and over the last several decades much has been learned
about the chemical properties and biological functions of this
unique cofactor. The disulfide bond within the molecule pro-
vides a source of reductive potential that is required for catalysis
by mitochondrial 2-ketoacid dehydrogenases and participates
in stabilization and redox-dependent regulation of these mul-
tienzyme complexes. These functions make lipoic acid essential
for cell growth, oxidation of carbohydrates, amino acids, and
other fuels, and regulation of mitochondrial redox balance.
Herein, we discuss the intricacies of lipoic acid synthesis in
various organisms, the role lipoylation plays in 2-ketoacid de-
hydrogenase activities and regulation, and how these enzymes
are influenced by reactive oxygen species through this cova-
lently bound lipoic acid cofactor.

Lipoic acid synthesis

Lipoic acid (LA)2 metabolism has been intensely investigated
by Reed (1), Cronan (4, 5), and others through genetic and bio-

chemical studies using prokaryotes and Saccharomyces cerevi-
siae (6). Homologous enzymes have been identified in plants (7,
8) and mammalian systems (9). That being said, distinct differ-
ences in LA metabolism among various organisms are relevant
to the regulation of 2-ketoacid dehydrogenases. LA metabolism
in Escherichia coli consists of a de novo biosynthetic pathway
and a salvage pathway capable of using exogenous LA as a sub-
strate. Both pathways lead to the covalent modification of the
�-amino group on conserved lysine residues within the lipoyl
domain of the E2 subunits of 2-ketoacid dehydrogenase com-
plexes (Fig. 1A) (4).

The biosynthetic pathway in E. coli is initiated by an
octanoyltransferase enzyme (octanoyl-(ACP:protein)-pro-
tein N-octanoyltransferase), LipB, that transfers octanoic
acid derived from mitochondrial fatty-acid synthesis type II
(FASII) from the acyl carrier protein (ACP) to the lipoyl domain
of a target enzyme. In the first step of LA biosynthesis, LipB
transfers octanoate directly onto the lipoyl domain on the E2
subunit of 2-ketoacid dehydrogenases (Fig. 1A, reaction B1)
(10 –14). E. coli tolerates loss of this enzyme when exogenous
lipoate is present through activity of the salvage pathway (dis-
cussed below), but in the absence of exogenous lipoate, growth
is suppressed, and no lipoylation of pyruvate dehydrogenase
(PDH-E2) or �-ketoglutarate dehydrogenase (OGDH-E2) is
observed (15).

In the second step of LA biosynthesis, two sulfur atoms are
inserted at the C6 and C8 positions by an iron–sulfur lipoic acid
synthase enzyme, LipA (Fig. 1A, reaction B2) (15–17). This step
is similar to biotin synthesis in that the reaction mechanism
requires sulfur donation from a [4Fe-4S] cluster within the
enzyme and reductive cleavage of S-adenosylmethionine
(SAM) to generate 5�-deoxyadenosyl 5�-radicals that remove a
hydrogen atom from C6 and C8 and facilitate insertion of the
sulfur atoms (5, 18, 19). The requirements for this enzyme are
similar to that of LipB in that E. coli can utilize the LA salvage
pathway to compensate for loss of LipA in lipoate-containing
media (15). Importantly, donation of sulfur from the [4Fe-4S]
cluster within the enzyme originally suggested that LipA may
be a self-sacrificing protein rather than performing true
enzyme catalysis (5). This had been supported by the small
amount of LA generated per molecule of LipA in E. coli, which
could be enhanced by co-expression of LipA with iron–sulfur
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cluster proteins (5, 20). However, recently, the E. coli iron–
sulfur cluster proteins NfuA and IscU were shown to reinstall
the [4Fe-4S] cluster of LipA to facilitate additional turns of the
enzyme (21). This mechanism is consistent with deficiencies in
NFU1 resulting in phenotypes associated with lipoic acid defi-
ciency and suggests that this mechanism may be conserved in
mammals (22).

The LA salvage pathway in E. coli consists of a single lipoyl-
protein ligase enzyme, LplA, that first conjugates exogenous
lipoic acid to an adenylate intermediate (lipoyl-AMP) followed
by ligation to the lipoyl domain of E2 subunits and H-protein
(Fig. 1A, reaction S1) (23–25). LplA can use both lipoic acid and
octanoate to modify E2 subunits in intact cells, with the lat-
ter substrate requiring the activity of LipA to insert sulfur
atoms and generate the lipoic acid moiety directly on target
enzymes (23, 26). E. coli can tolerate the loss of this enzyme,
but loss of LplA and LipB results in no lipoylated proteins,
whereas loss of LplA and LipA results in the accumulation of
octanoyl proteins (26). These data indicate that there are two
distinct LA metabolism pathways in E. coli that ensure

growth in both lipoate-containing and -deficient environ-
ments (11, 26).

LA metabolism in S. cerevisiae is different from E. coli pri-
marily in that these two pathways are interdependent and
cannot fully compensate for one another (27), and lipoyla-
tion of PDH-E2 (Lat1) and OGDH-E2 (Kgd2) requires initial
lipoylation of the H-protein of the glycine cleavage system
(Gcv3) (Fig. 1B, reaction 1) (6). This pathway is similar to
Bacillus subtilis, where the octanoyltransferase in S. cerevi-
siae, Lip2, transfers octanoate (derived from FASII) to Gcv3,
and this step is required for lipoylation of Lat1 and Kgd2 (6).
Importantly, activity of the glycine cleavage system (GCS)
is not required for downstream lipoylation events because
loss of other GCS subunits has no impact on Lat1 or Kgd2
lipoylation (6). The lipoate synthase enzyme in S. cerevisiae is
Lip5, which functions similarly to LipA in E. coli through iron–
sulfur cluster-mediated insertion of the disulfide at C6 and C8
(Fig. 1B, reaction 2) (28). Yeast cannot tolerate the loss of Lip2
or Lip5 unless grown in medium containing ethanol and succi-
nate, which bypasses Kgd2 in the TCA cycle (6).

Figure 1. Structures, enzymes, and reaction mechanisms of lipoic acid metabolism. A, de novo lipoic acid synthesis and salvage pathways in E. coli. B, lipoic
acid metabolic pathway in S. cerevisiae and Homo sapiens. C, orthologous enzymes associated with lipoic acid metabolism in each organism.
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The inability of Lip2 and Lip5 mutants to grow on media
supplemented with lipoic acid was the first indication that an
independent LA salvage pathway did not exist in S. cerevisiae
(29). However, identification of an LplA homolog in yeast, Lip3,
and the observation that lipoylation of Gcv3 was maintained in
Lip3 mutants indicated that Lip3 functions downstream of Lip2
(Fig. 1B, reaction 3). In vitro studies have demonstrated that
Lip3 is an octanoyltransferase, using octanoyl-CoA or octano-
yl-Gcv3 as a substrate, but the enzyme lacks the ability to utilize
lipoate plus ATP to generate the adenylate intermediate seen
with LplA (27). Expression of E. coli LplA in yeast strains lack-
ing Lip2 or Lip5 completely rescues growth in the presence of
lipoate indicating that the lack of a true LA salvage pathway in
S. cerevisiae is an aspect of the differential activities of LplA and
Lip3 (27). Questions as to the true substrate of Lip3 in vivo are
still unanswered from these studies. Does Lip3 transfer an octa-
noyl moiety from Gcv3 to Lat1 and Kgd2, where Lip5 then
generates the lipoyl moiety, or does Lip3 act as a lipoyltrans-
ferase, transferring a lipoyl moiety from Gcv3? The mainte-
nance of Gcv3 lipoylation in Lip3 mutant strains indicates that
octanoyl-Gcv3 is a substrate for Lip5 and that either Lip2 does
not transfer an octanoyl moiety from ACP to Lat1 and Kgd2 or
that Lip5 cannot act on octanoyl-Lat1/Kgd2. This is particu-
larly interesting because expression of yeast Lip3 in E. coli �lipB
�lplA allows for growth in the presence of octanoate but not
lipoate. Furthermore, in octanoate-containing media, E. coli
�lipB �lplA expressing Lip3 has lipoylated PDH and OGDH
(27). As well, lipoylation was enhanced in the presence of octa-
noate to a greater degree than with lipoate and on PDH more so
than OGDH (27). These data suggest that in an E. coli system,
Lip3 is an octanoyltransferase and that LipA can act on octano-
yl-PDH/OGDH, but this has not been demonstrated in the
native cellular environment of Lip3.

Although less well-understood in mammalian systems, the
LA biosynthetic pathway in mice and humans is carried out by
an octanoyltransferase ortholog of LipB/Lip2 and a lipoic acid
synthase ortholog of LipA/Lip5 known as LIPT2 and LIAS,
respectively (Fig. 1C) (30 –32). Deficiencies in either of these
enzymes, as well as disruptions in mitochondrial FASII or iron–
sulfur biogenesis, result in diminished lipoylation of PDH and
OGDH and ultimately impaired mitochondrial function (30,
33, 34). LIPT1, the lipoyltransferase ortholog in mammals, is
similar to LIP3 in S. cerevisiae in that it lacks the ability to gen-
erate an activated lipoyl-AMP intermediate and therefore is
thought to be downstream of LIPT2 (9, 30, 35). There has been
a report identifying a mammalian lipoic acid-activating enzyme
that could activate exogenous lipoic acid (36); however, this
function was ultimately attributed to the mitochondrial medi-
um-chain acyl-CoA synthetase (ACSM1) (37, 38). This enzyme
can utilize both the (R)- and (S)-enantiomers of LA and primar-
ily uses GTP to activate the natural (R)-lipoic acid, but so far
there has been no substantial evidence to support that this
enzyme functions in LA metabolism in vivo (36). This is consis-
tent with the inability for exogenous LA to rescue defects in
cells derived from LIAS-deficient patients, embryonic lethality
in LIAS-deficient mice, or to ameliorate symptoms in patients
with this disease (22, 30, 32). Taken together, this suggests that
mammalian LA metabolism is similar to S. cerevisiae where

LIPT2 transfers octanoate from ACP to the H-protein of GCS,
LIAS inserts sulfur atoms into the octanoyl group on H-protein,
and LIPT1 transfers the lipoyl group from the H-protein to E2
subunits. It is unclear at present whether LIPT1 is an octanoyl-
transferase, a lipoyltransferase, or both, as its true in vivo sub-
strate remains to be clarified.

Lipoic acid as a cofactor for mitochondrial 2-ketoacid
dehydrogenases

As discussed above, the function of LA metabolism is to pro-
vide an essential, enzyme-bound cofactor for mitochondrial
2-ketoacid dehydrogenases and the GCS. The 2-ketoacid dehy-
drogenases include pyruvate dehydrogenase (PDH), �-ketogl-
utarate dehydrogenase (OGDH), branched-chain ketoacid
dehydrogenase (BCKDH), and 2-oxoadipate dehydrogenase
(OADH) (30, 39). These multienzyme complexes are composed
of three independent subunits that undergo coupled reactions
facilitated by the LA cofactor (Fig. 2) (40). The E1 subunit,
which provides substrate specificity to the multienzyme com-
plex, utilizes the cofactor thiamine pyrophosphate (TPP) to
decarboxylate the substrate generating an acyl-TPP intermedi-
ate followed by reductive acylation of the lipoyl group on the E2
subunit. The E2 subunit functions as a dihydrolipoyl acyltrans-
ferase that transfers the acyl group to CoA, generating an
acyl-CoA and dihydrolipoamide. The E3 subunit is a dihydro-
lipoamide dehydrogenase (DLD) using FAD to oxidize dihydro-
lipoamide, regenerating the disulfide bond for use in subse-
quent rounds of catalysis. The E3 subunit oxidizes FADH2 back
to FAD using NAD� producing NADH in the process (40) (Fig.
2A). This activity is similar for PDH, OGDH, and BCKDH,
where the E1 and E2 subunits are specific to the decarboxyla-
tion substrate and the E3 protein subunit is shared among all
three complexes (4). The activity of 2-OADH has not been

Figure 2. Reaction mechanisms of mitochondrial 2-ketoacid dehydroge-
nases and redox-dependent regulation. 2-Ketoacid dehydrogenase com-
plexes consist of three enzyme subunits that use coupled reactions to decar-
boxylate a 2-ketoacid substrate and produce a CoA ester. The E1 subunit is a
2-ketoacid decarboxylase that uses a covalently bound thymine pyrophos-
phate (TPP) cofactor to decarboxylate the 2-ketoacid substrate followed by
reductive acylation of a lipoyl moiety on the E2 subunit. The E2 subunit is a
dihydrolipoamide acyltransferase that transfers the acyl intermediate from
the E1 subunit to CoA generating an acyl-CoA and dihydrolipoamide. The E3
subunit is a dihydrolipoamide dehydrogenase that uses FAD to oxidize the
lipoyl group on the E2 subunit for subsequent rounds of catalysis and gener-
ates NADH through coupled oxidation–reduction reactions of FADH2 and
NAD�.
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investigated to the degree of these other complexes, but ele-
vated 2-oxoadipate has been reported in patients with DLD
deficiency, suggesting that this complex uses the same DLD
subunit shared by other 2-ketoacid dehydrogenases (41).

Importantly, lipoylated 2-ketoacid dehydrogenases play a
key role in carbon entry into the TCA cycle. Therefore, dys-
function in these enzymes may produce aberrant mitochon-
drial metabolism that can be deleterious (Fig. 3). Inborn errors
have been reported in each of these enzyme complexes with
mutations having been reported in all of the subunits.

Pyruvate dehydrogenase deficiency is rare, but hundreds of
cases have been reported, most involving mutations in the
X-linked gene encoding the E1-�1 subunit (PDHA1). Severe
mutations are devastating in boys but cause a more variable
spectrum of severity in females due to random X-inactivation.
Broadly, symptoms of PDH deficiency include lactic acidosis,
hypotonia, seizures, ataxia, and developmental delay. Treat-
ment for PDH deficiency is limited; the use of a ketogenic diet
and in some cases treatment with dichloroacetate or thiamine
can provide improvement of clinical symptoms (42).

�-Ketoglutarate dehydrogenase deficiency has been reported
less frequently than PDH deficiency, but the primary clinical
manifestations are similar, including developmental delay,
ataxia, hypotonia, and in some cases encephalopathy (42). The
elevation of �-ketoglutarate levels may also be associated with
an elevation in 2-hydroxyglutarate, a potential epigenetic regu-
lator. It is currently unknown whether 2-hydroxyglutarate lev-
els contribute to pathology in �-ketoglutarate dehydrogenase
deficiency (43, 44).

Deficiency in the E1 or E2 subunit of branched-chain keto-
acid dehydrogenase is also known as maple syrup urine disease.
This disorder includes a classic presentation of a sweet, maple-

syrup like odor and an elevation of plasma branched-chain
amino acids and 2-ketoacids in urine. In the severe neonatal-
onset form, patients display metabolic decompensation and
neurological distress, which may be severe and result in neo-
natal coma. There are also acute and intermittent forms that
may be late-onset and consist of recurrent metabolic decom-
pensation episodes; as well, the chronic and progressive
form presents with hypotonia and developmental delay.
Treatment of maple syrup urine disease involves titrating
dietary branched-chain amino acid content to avoid exces-
sive exposure while maintaining sufficient levels to support
normal development (42).

2-Oxoadipic aciduria has only been reported in about 20
individuals with half of them being asymptomatic. Those indi-
viduals that do show symptoms may display psychomotor
retardation and hypotonia. Mutations in dehydrogenase E1 and
transketolase domain containing 1 (DHTKD1) are thought to
be causative in these cases (42).

Mutations have also been reported in DLD, LIAS, LIPT2, and
LIPT1. These disorders have overlapping phenotypes, includ-
ing lactic acidosis, developmental delay, and seizures. Collec-
tively, dysfunction in these enzymes falls into a larger class of
mitochondrial disease known as Leigh syndrome. LIAS patients
may be distinguished from LIPT1 patients through presenta-
tion of nonketotic hyperglycinemia associated with dysfunction
in the GCS. An excellent review of the clinical manifestations of
these disorders was recently described by Mayr et al. (30). Crit-
ical to developing treatments for these disorders is intimate
knowledge of the regulation of 2-ketoacid dehydrogenase com-
plexes and how their activities may differ in various nutritional
states and in individual tissues.

Figure 3. Mitochondrial 2-ketoacid dehydrogenases and the TCA cycle. Mitochondrial lipoylated enzymes individually contribute to pathways that
generate products that can participate in the TCA cycle. Inborn errors in these dehydrogenases can be deleterious, with clinical symptoms including devel-
opmental delay (PDH and BCKDH), encephalopathy (OGDH), and microcephaly (2-OADH). Deficiencies in these enzymes can accumulate metabolites, including
pyruvate and lactate (PDH), �-ketoglutarate and 2-hydroxyglutarate, branched-chain amino acids and their corresponding 2-ketoacids, and 2-oxoadipic acid.
Deficiencies in lipoic acid metabolism can phenocopy multiple simultaneous 2-ketoacid dehydrogenase deficiencies and can limit the incorporation of carbon
into the TCA cycle from various sources.
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Lipoic acid and ROS generation from mitochondrial
2-ketoacid dehydrogenases

Dihydrolipoamide dehydrogenase

The ability of the shared E3 subunit to regenerate oxidized
lipoic acid for further catalysis in 2-ketoacid dehydrogenase
complexes is controlled by the NAD�/NADH ratio within the
mitochondria (45). When the availability of NAD� is dimin-
ished, FADH2 within the E3 subunit can readily be oxidized by
O2 generating a semiquinone (FADH�) and superoxide (O2

. ) (46,
47). The semiquinone may then equilibrate with the reduced
lipoyl residue generating a thioyl radical within the core complex.
This can lead to inactivation of the complex due to reactions
between a thioyl radical on the E2 subunit and the catalytic region
of the E1 subunit (48). This can been seen as a regulatory inactiva-
tion to inhibit the catabolism of specific substrates, like pyruvate or
�-ketoglutarate when NAD� is depleted or when ROS production
alters the redox balance of the mitochondria (49). It is unclear the
degree to which this occurs on each 2-ketoacid complex individu-
ally. There is evidence that the E3 subunit may be involved in redox
regulation independent of its activities within the 2-ketoacid de-
hydrogenase complexes (45). Specifically, the flavin can participate
in regenerating thioredoxin 2 (Trx2) (50, 51) and has a structure
similar to glutathione reductase (52), but it is unclear whether
these functions require the entire 2-ketoacid dehydrogenase com-
plex or whether the E3 subunit dissociates from the complex for
this function.

�-Ketoglutarate dehydrogenase

The OGDH complex facilitates the decarboxylation of �-ke-
toglutarate (2-oxoglutarate) to form succinyl-CoA and NADH.
This complex in mammalian systems is distinct in that the E2
core subunit (dihydrolipoyl succinyltransferase) lacks the E1-
and E3-binding domains in the prokaryotic protein, suggesting
that the overall structure of this complex is organized differ-
ently in mammals (53). Multiple studies have demonstrated
that the OGDH complex can produce superoxide and H2O2,
and many of these studies focus on the activity of the E3 subunit
of the complex (46, 48, 54). Experiments in skeletal muscle
mitochondria show that OGDH is responsible for a significant
portion of mitochondrial superoxide production that is related
to the concentrations of �-ketoglutarate and free CoA (55).
Additionally, the lipoyl moiety has been shown to be glutathio-
nylated in vivo, which is thought to be a mechanism to revers-
ibly inactivate the complex, preventing ROS-dependent inacti-
vation of the E1 subunit (56, 57). It is not known whether
this glutathionylation is enzyme-mediated or occurs spontane-
ously, but the glutathione modification can be removed
through the actions of glutathione reductase 2 (Grx2) (58).
Although glutathionylation of the lipoyl moiety prevents oxida-
tive damage to the E1 component, it also maintains a reduced
flavin on the E3 subunit, and this may contribute to oxidative
damage by E3-mediated ROS production (58). Thioredoxin 2
has been shown to protect OGDH from oxidative damage (49 –
51), and it has been suggested that glutathionylation of the
lipoyl moiety provides the opportunity for the E3 subunit to
participate in redox regulation through ROS scavenging or
regeneration of thioredoxin (51). Finally, OGDH has been

shown to interact with complex I of the electron transport
chain, which allows for direct supply of NADH to the NADH-
oxidation site of complex I (Fig. 4A) (59 –61). Because gluta-
thionylation of complex I is also regulated by Grx2 (62, 63), it
has been suggested that glutathionylation may dissociate the
interaction between OGDH and complex I to limit further elec-
tron entry into the electron transport chain until redox home-
ostasis is reached (Fig. 4B) (64). This is particularly important
because OGDH activity regulates the rate of NADH production
of downstream enzymes within the TCA cycle. Collectively,
these findings indicate that OGDH is a key source of ROS in the
mitochondria, but it may also play a key role in redox balance
and regulation through multiple mechanisms.

Pyruvate dehydrogenase complex

The pyruvate dehydrogenase complex has been extensively
studied as a primary regulatory node for nutrient oxidation in

Figure 4. Regulation of OGDH by reversible glutathionylation. A, 2-oxo-
glutarate dehydrogenase (OGDH) interacts with complex I of the mitochondrial
electron transport chain, and both complexes can generate ROS. B, when ROS
levels increase, both complexes are glutathionylated, which is thought to disso-
ciate the interaction between the two complexes and reversibly inactivate
OGDH. The OGDH complex is protected from oxidative damage by thioredoxin
(Trx2), and the glutathionylation is regulated by glutathione reductase (Grx2).
Glutathionylation of the lipoyl moiety on the E2 subunit of OGDH may allow for
ROS scavenging by the E3 subunit through interactions with Grx2 and Trx2.
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various metabolic states. This enzyme complex irreversibly
decarboxylates pyruvate to generate acetyl-CoA and CO2 and is
coordinated by three phosphorylation sites on the E1 subunit
regulated by a set of kinases (PDKs) and phosphatases (PDP),
which interact with lipoyl domains on the E2 subunit and
E3-binding protein (65). The PDH complex structure is some-
what different from OGDH in that it includes an E3-binding
protein that also contains a lipoyl domain. As well, the PDH
complex has stable interactions with PDK and PDP (66, 67).
The E3-binding protein lipoyl domain does undergo lipoyla-
tion; however, this lipoylation is not thought to be involved in
catalysis but undergoes reductive acetylation as a regulatory
mechanism for PDK and PDP (66, 68, 69). As with OGDH, PDH
produces superoxide and H2O2, although there is contention
around the relative contributions of the E3 and E1 subunits in
vivo (55, 70). PDH has also been shown to be glutathionylated
on the E2 subunit, similar to OGDH S-glutathionylation (70).
This glutathionylation can increase ROS generation from the
E3 subunit because FADH2 cannot be oxidized by the lipoic
acid moiety and reduces O2 by one electron to produce super-
oxide. Importantly, glutathionylation decreases ROS produc-
tion when pyruvate is being oxidized, and depletion of glutathi-
one leads to increased ROS production from PDH (71). PDH
has also been shown to interact with Grx2 suggesting that the
reversible glutathionylation regulates PDH through similar
mechanisms to OGDH (70). This common mechanism appears
to play a critical regulatory role for mitochondrial metabolism
under different nutritional states and likely in various tissues.
Finally, recent studies have suggested that Sirtuin 4 (SIRT4) can
regulate PDH activity through lipoamidase activity that cleaves
the lipoyl moiety from the E2 component (72). This study did
not investigate SIRT4 regulation of the other mitochondrial
2-ketoacid dehydrogenases, but these complexes did associate
with SIRT4 in their immunoaffinity purification experiment.
Subsequent studies demonstrated that this mechanism was
conserved in prokaryotic systems and that OGDH and the gly-
cine cleavage system were also targets of the SIRT4 ortholog,
CobB (73). Another study also implicated SIRT4 in regulation
of leucine catabolism indicating that BCKDH is likely an addi-
tional target of this regulation (74).

Branched-chain ketoacid dehydrogenase

The branched-chain ketoacid dehydrogenase complex is
downstream of the branched-chain aminotransferase enzyme,
which catalyzes the breakdown of valine, leucine, and isoleu-
cine to the ketoacids, 3-methyl-2-oxobytanoate (KIV), 4-meth-
yl-2-oxopentanoate (KIC), and (S)-3-methyl-2-oxopentanoate
(KMV), respectively (Fig. 2B) (75). BCKDH then decarboxy-
lates these ketoacids releasing CO2 and generating an acyl-
CoA. This complex has a similar structure and regulation to
PDH with stably associated kinase and phosphatases (76, 77).
Structural analysis of BCKDH demonstrated that the phos-
phorylation loop of the E1 subunit undergoes a disordered-to-
ordered conformational change that regulates binding of the
lipoyl group on the E2 subunit near the catalytic site of the E1
subunit. In the dephosphorylated (active) state, the lipoyl group
is positioned near the active site of the E1 subunit to facilitate
reductive acylation immediately after the decarboxylation reac-

tion. During the phosphorylated (inactive) state, the ordered
conformation of the phosphorylation loop prevents lipoyl
domain positioning near the E1 active site (78). Subsequent
studies demonstrated a similar role for the lipoyl domain in the
E2 subunit that involves a substrate gating mechanism. The E2
subunit undergoes a conformational change upon CoA bind-
ing, which allows for the lipoyl-acyl intermediate to enter the
acyltransferase catalytic site (79). This mechanism prevents
the reduced lipoamide from entering the E2 catalytic site when
free CoA levels are reduced. BCKDH has been shown to pro-
duce superoxide and H2O2 to a lesser degree than OGDH and
PDH (55). The overall details of redox regulation of BCKDH are
less clear compared with the other 2-ketoacid dehydrogenases
with most of the literature focused on the E3 subunit that is
shared by the other complexes.

2-Oxoadipate dehydrogenase

Catabolism of tryptophan and lysine leads to the production
of 2-oxoadipate (2-OA), which is converted to glutaryl-CoA by
2-oxoadipate dehydrogenase (OADH) (80). Glutaryl-CoA has
recently been shown to post-translationally modify lysine resi-
dues on mitochondrial proteins. Thus, dysfunction in this
enzyme could impact mitochondrial function through mecha-
nisms independent of 2-OA per se (81). Mutations in dehydro-
genase E1 and transketolase domain containing 1 (DHTKD1)
lead to accumulation of 2-OA; however, reports have indicated
that OGDH can also decarboxylate 2-OA, which is just slightly
larger than its conventional substrate, �-ketoglutarate. It is
unclear whether DHTKD1 is associated with an independent
dehydrogenase complex or whether it shares activity with
OGDH and which enzyme deficiency may be causative in
2-oxoadipate aciduria. Recent studies have indicated that ROS
production can be attributed to the DHTKD1 enzyme (82). Par-
adoxically, ROS production seems to increase when the enzyme
is either suppressed or overexpressed, although the mecha-
nisms regulating this phenomenon are not understood (83).
Expression data indicate that DHTKD1 is highly expressed in
liver and kidney with comparable protein levels observed in
human skeletal muscle (82), indicating that these tissues would
be the appropriate systems to investigate these open questions.

Concluding remarks

Lipoic acid is an often overlooked, essential cofactor for
mitochondrial oxidative metabolism, which participates in
catalysis and regulation of multiple enzyme complexes. Biosyn-
thesis of LA links mitochondrial fatty-acid synthesis, SAM, and
iron–sulfur cluster biosynthesis with TCA cycle oxidative
capacity. This information is particularly important for diagno-
sis of inborn errors of metabolism because defects in lipoic acid
metabolism can promote a myriad of clinical symptoms associ-
ated with dysfunction in a number of enzyme complexes (22,
30, 31, 84). Additionally, because lipoic acid plays a regulatory
role, symptoms of some inborn errors may only manifest, or
may worsen, in nutritional states associated with high flux
through enzymes requiring lipoylation. The lack of an indepen-
dent salvage pathway in humans abrogates the use of LA
supplementation as a therapeutic option; thus, further investi-
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gation of how LA metabolism is regulated and functions in
humans will be necessary to treat inborn errors of this pathway.
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Nontransformed cells that become detached from the extra-
cellular matrix (ECM) undergo dysregulation of redox homeo-
stasis and cell death. In contrast, cancer cells often acquire
the ability to mitigate programmed cell death pathways and
recalibrate the redox balance to survive after ECM detach-
ment, facilitating metastatic dissemination. Accordingly,
recent studies of the mechanisms by which cancer cells over-
come ECM detachment–induced metabolic alterations have
focused on mechanisms in redox homeostasis. The insights into
these mechanisms may inform the development of therapeutics
that manipulate redox homeostasis to eliminate ECM-detached
cancer cells. Here, we review how ECM-detached cancer cells
balance redox metabolism for survival.

The metastasis of cancerous cells to distant and vital organs
is responsible for an excess of 90% of cancer mortalities (1), yet
the molecular mechanisms cancer cells use to successfully
metastasize remain ill defined. It has become apparent that
to effectively metastasize, cancer cells must inhibit anoikis, a
caspase-dependent cell death pathway induced by loss of integ-
rin-mediated attachment to extracellular matrix (ECM)2 (2, 3).
Anoikis induction is not limited to ECM-detached cells as even
the attachment to abnormal or foreign ECM can induce cell
death (4). As such, we posit that anoikis inhibition will be crit-
ically important throughout the metastatic cascade, from local
invasion and survival in the circulation to implantation at a
secondary site. The deficiency of proper integrin-mediated sig-
naling during ECM detachment has been demonstrated to alter
a plethora of distinct signal transduction cascades. Oftentimes,
these modifications in survival signaling converge on the Bcl-2
family of proteins that modulate the release of cytochrome c
from the intermembrane space. Multiple signaling pathways
regulating mitochondrial permeabilization during anoikis have
tk;4been unveiled in numerous and disparate contexts (5–12).

A fundamental implication of these findings is that cancer cells
can employ a multifaceted arsenal of diverse and overlapping
strategies to block anoikis induction leading to their survival.

Despite these recent advances in understanding anoikis, a
number of pre-clinical studies have made clear that ECM
detachment induces a wide variety of cellular changes that can
ultimately lead to cell death and are independent of classical
anoikis induction. For example, ECM-detached cells undergo
autophagy (13), which involves the catabolism of intracellular
organelles and can serve as both a survival mechanism under
conditions of nutrient starvation (14) or an alternative form of
cell death if left unchecked (15). Independent of anoikis activa-
tion, ECM detachment induces entosis, a type of programmed
cell death characterized by cells being internalized inside neigh-
boring cells and eliminated in the lysosome (16). The signifi-
cance of these findings to the survival of cancer cells during the
metastatic cascade is an area of active exploration (which will
require additional follow-up experiments in a clinical context),
but these data undoubtedly reveal that ECM detachment can
induce cellular alterations that impact viability independent of
anoikis induction.

Additionally, ECM detachment is now well-established to
cause a host of catastrophic metabolic alterations, including
defective glucose uptake, diminished pentose phosphate path-
way (PPP) flux, reduced cellular ATP levels, and a robust
increase in reactive oxygen species (ROS) (7, 17, 18). This ele-
vated ROS during ECM detachment and the consequences on
the viability of cells are now areas of dynamic investigation in a
number of different contexts. As an example, recent research
has unveiled alterations in citrate metabolism, initiated by
reductive carboxylation, and consequent elimination of ROS as
a contributor to redox homeostasis during ECM detachment
(19). Furthermore, additional studies have revealed that upon
detachment of nontransformed mammary epithelial cells from
the ECM, they up-regulate pyruvate dehydrogenase kinase 4
(PDK4), which stalls the flux of glycolytic carbon into mito-
chondrial oxidation (20). As a consequence, the production of
ROS due to mitochondrial oxidation is attenuated, and thus
ECM-detached cells are more effectively able to survive during
ECM detachment. These findings raise the possibility that
antagonizing the electron transport chain with inhibitors like
metformin may facilitate survival of ECM-detached cells. In
support of this possibility, a recent study discovered that met-
formin treatment could promote the detachment of viable
breast cancer cells from the ECM (21). Despite these elegant
studies, the precise manner in which ROS are modulated dur-

This work was supported by The American Cancer Society, Susan G. Komen,
Phi Beta Psi Sorority, National Science Foundation, Boler-Parseghian Cen-
ter for Rare and Neglected Diseases, Coleman Foundation, and funds from
Ron and Rosemarie Malanga. This is the sixth article in the Thematic Mini-
review Series “Redox metabolism and signaling.” The authors declare that
they have no conflicts of interest with the contents of this article.

1 To whom correspondence should be addressed: Dept. of Biological Sci-
ences, 222 Galvin Life Science Center, Notre Dame, IN 46556. Tel.: 574-631-
0875; Fax: 574-6317413; E-mail: zschafe1@nd.edu.

2 The abbreviations used are: ECM, extracellular matrix; ROS, reactive oxygen
species; PPP, pentose phosphate pathway; AMPK, AMP-activated protein
kinase; TXN, thioredoxin; DHA, dehydroascorbate; PDAC, pancreatic ducal
adenocarcinoma; GCLM, glutamate cysteine ligase modifier.

THEMATIC MINIREVIEW

J. Biol. Chem. (2018) 293(20) 7531–7537 7531
© 2018 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

mailto:zschafe1@nd.edu


ing ECM detachment remain incompletely understood. That
being said, taken together, these studies on redox metabolism
raise the possibility that cancer cells need to both inhibit
anoikis and appropriately regulate ROS to survive during the
metastatic cascade (2, 3). Herein, we review the current body
of work regarding the understanding of how redox metabo-
lism is controlled during detachment from the ECM (sum-
marized in Fig. 1).

Pentose phosphate pathway (PPP)

In a three-dimensional (3D) cell culture model of mammary
acini, previous studies have revealed that antagonizing anoikis
induction is not sufficient to inhibit the death of ECM-detached
cells in the luminal space, suggesting that an anoikis-indepen-

dent mechanism is involved in lumen generation (22). Given
that these centrally located, ECM-bereft cells were populated
with autophagic vesicles (23), it was postulated that these cells
were nutrient-starved and under significant (potentially lethal)
metabolic stress. Indeed, it was discovered that these ECM-
detached mammary epithelial cells had a number of substantial
metabolic alterations (e.g. deficient glucose uptake and dimin-
ished cellular ATP levels) and that rectifying these alterations,
independent of modulating anoikis, could promote survival of
ECM-detached cells in the luminal space of the mammary acini
(17, 18).

These data provoked additional questions regarding the pre-
cise link between altered glucose metabolism and the viability
of ECM-detached cells. Upon further examination of the con-

Figure 1. Summary of ROS modulation during ECM detachment. As shown in the upper left panel, it has been revealed in detached, nontransformed cells
that glucose uptake via GLUT1 is diminished during ECM detachment. This deficiency in glucose uptake leads to a low level of glucose 6-phosphate (G6P) and
limited flux through the pentose phosphate pathway (PPP). Subsequently, the diminished PPP flux causes a decrease in NADPH leading to an increase in ROS
levels, ultimately resulting in cell death. Upon expression of the oncogene ERBB2 in these cells, defective glucose uptake is restored, leading to abundant
glucose 6-phosphate production, rescue of PPP flux, and subsequent NADPH generation to fortify ROS defenses. Continuing in the upper left panel, it has been
shown that when the PPP is antagonized during ECM detachment, AMPK activation blocks cell death by maintaining NADPH levels through fatty acid
oxidation-induced NADPH production and by inhibiting NADPH consumption during fatty-acid synthesis (FAS) (via antagonizing ACC1 and ACC2). Progressing
to the upper right panel, it has been discovered that synthesis of GSH, driven by the glutamate cysteine ligase modifier (GCLM), is necessary for primary tumor
formation. Loss of GCLM prevented a tumor’s ability to drive the metastatic cascade, where survival in the absence of ECM attachment is imperative. These data
indicate that at the later stages of the metastatic cascade, GSH becomes dispensable due to compensation from alternative antioxidant pathways. Indeed,
thioredoxin (TXN) levels were increased when GSH synthesis was blocked. Combinatorial inhibition of TXN and GSH leads to a synergistic block on cancer cell
survival, leading to their ultimate death both in vitro and in vivo. Other studies have discovered that high doses of vitamin C, which has well-documented
antioxidant activity, can lead to an elevation in intracellular ROS levels in cells with activating mutations in K-Ras or B-Raf. The increase in ROS is first initiated
by cellular uptake of oxidized vitamin C (dehydroascorbate (DHA)) via the glucose transporter, GLUT1. This uptake of DHA leads to a significant increase in ROS
levels as intracellular DHA is reduced back to vitamin C at the expense of GSH. Additional studies have explored the role of catalase, SOD1, and SOD2 in
mitigating ROS levels to enhance the survival of ECM-detached cells. It was discovered that antagonizing catalase or SOD2 did not impact the viability of
ECM-attached cells but specifically compromised the survival of ECM-detached cells. Expanding upon this further, antagonizing catalase or SOD2 attenuated
tumor burden in the lungs of immunocompromised mice following tail vein injection. Additional studies demonstrated that SOD2 expression is elevated in
human breast cancer metastases compared with primary tumors, a finding consistent with a role for SOD2 in facilitating the survival of ECM-detached cancer
cells. Finally, proceeding to the middle panel, it was recently discovered that ECM-detached lung carcinoma cells utilized IDH1 to reductively decarboxylate
glutamine to citrate in the cytosol. The newly derived citrate subsequently enters the mitochondria via the citrate transporter protein (CTP) where it partici-
pates in oxidative metabolism. The activity of mitochondrion-located IDH2 functions to synthesize NADPH and neutralize mitochondrial ROS in a fashion that
promotes survival. Other research has found that proline catabolism via proline dehydrogenase (Prodh) supports growth of breast cancer cells grown in 3D
culture but not in 2D culture. The breakdown of proline by Prodh supports mitochondrial ATP production by feeding electrons, in the form of FADH2, into the
electron transport chain to ultimately balance redox homeostasis in favor of metastasis formation. Finally, the particular contributions of serine and glycine
metabolism to balancing redox homeostasis during ECM detachment remain an interesting topic for future exploration.
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sequences of metabolic alterations during ECM detachment, a
striking elevation in the levels of intracellular ROS (indepen-
dent of anoikis induction) was unearthed. Interestingly, cancer
cells seemed to benefit from the elimination of ECM detach-
ment-mediated ROS production as overexpression of the
ERBB2 oncogene led to luminal filling and diminished ROS
levels (18). In addition, ErbB2 signaling also restored robust
glucose uptake in ECM-detached cells; a finding that suggested
a possible link between glucose metabolism and the generation
of ROS. To more directly assess a possible link between onco-
genic ErbB2 signaling, glucose metabolism, and antioxidant
activity, the investigators turned their attention to the NADPH-
generating PPP. Strikingly, inhibition of the PPP compromised
the capacity of ErbB2 to promote survival during ECM detach-
ment. Moreover, it subsequently became clear that deficient
glucose uptake and diminished flux through the PPP, because
of inadequate NADPH production by the PPP, was an impor-
tant and significant contributor to ROS elevation during ECM
detachment (18). These surprising findings motivated the
hypothesis that PPP-derived NADPH functions as a significant
source of antioxidant activity to promote the survival of ECM-
detached cells. As confirmation of these conclusions, it was
discovered that treatment of mammary acini with antioxidant
compounds (in the absence of any alterations that restore glu-
cose uptake and PPP flux) was sufficient to promote the survival
of ECM-detached cells in the luminal space. These findings
suggest that antioxidant activity is sufficient and critically
important for the survival of ECM-detached cells. Although
Schafer et al. (18) discovered a link between ECM detachment-
induced ROS and deficient oxidation of fatty acids for ATP
generation, the precise mechanism by which this elevated ROS
functions to eliminate ECM-detached cells remains elusive.

Other studies have unveiled additional mechanisms to
maintain NADPH production and limit ROS generation in
circumstances where the PPP is inhibited. During times of
energy stress, a signaling pathway that is critically involved
in metabolic adaptation is the liver kinase B1 (LKB1)–AMP-
activated protein kinase (AMPK) pathway (24). AMPK is
activated when cells detach from the ECM, which is depen-
dent on LKB1 and Ca2�/calmodulin-dependent protein
kinase kinase � (CaMKK�) (25). Furthermore, when cells are
re-attached to the matrix, re-adhesion subsequently results in
dephosphorylation and inactivation of AMPK emphasizing the
importance of ECM attachment in activation of AMPK signal-
ing. Moreover, during ECM detachment (where glucose-medi-
ated PPP flux is limited), AMPK activation prolongs cell
survival through redox regulation (26). More specifically,
AMPK activates additional pathways to maintain NADPH
and prolong survival. Interestingly, investigators have dis-
covered that AMPK signaling can inhibit acetyl-CoA carbox-
ylases ACC1 and ACC2 and thus stabilize NADPH levels by
diminishing NADPH consumption during fatty-acid synthesis.
Furthermore, inhibition of ACC1 or ACC2 functions to elevate
NADPH levels through activation of fatty-acid oxidation.
Antagonizing ACC1 or ACC2 phenocopies AMPK activation
and subsequent NADPH production and promotes anchorage-
independent growth. In support of a role for this pathway in
tumors, the inhibition of ACC1 or ACC2 promotes solid tumor

formation in vivo, while the activation of ACC1 or ACC2 blocks
tumor growth. Taken together, AMPK functions as a critical
regulator of NADPH generation that is imperative for cancer
cell survival during ECM detachment (26).

Interestingly, although flux through the PPP has been dem-
onstrated to be critical for limiting ROS downstream of ErbB2,
its function is quite distinct in K-Ras–transformed cells lacking
ECM attachment. In this case, although flux through the PPP is
critical for K-Ras-induced anchorage-independent growth, its
importance seems to be linked to biosynthetic pathways rather
than the elimination of ROS (27). However, ROS do play a role
in the survival of ECM-detached, K-Ras–transformed cells. In
this case, glutamine conversion into the tricarboxylic acid
(TCA) cycle intermediate �-ketoglutarate (through glutamin-
ase and alanine aminotransferase) results in robust TCA cycle
flux. Strikingly, this mitochondrial metabolism facilitates the
survival of K-Ras–transformed cells via the generation of ROS.
The foremost source of ROS generation necessary for ECM-
detached survival is the Qo site of mitochondrial complex III.
Mechanistically, mitochondrial ROS function to promote
anchorage-independent growth and the survival of ECM-de-
tached cells via the stimulation of the ERK-MAPK–signaling
pathway. Remarkably, if mitochondrial function is inhibited by
loss of the mitochondrial transcription factor A (TFAM) gene,
tumor formation in an oncogenic K-Ras-driven mouse model
of lung cancer is compromised (27). Thus, it seems clear that
ROS can have both deleterious and beneficial effects on ECM-
detached cells depending on the oncogenic background. How-
ever, additional studies are necessary to further elucidate the
context(s) in which ROS activate cell death pathways or initiate
productive signal transduction in ECM-detached cells.

Antioxidant enzymes and glutathione

The above findings represent some of the initial forays into
studying the complicated relationship between redox metabo-
lism and the survival of ECM-detached cells. Subsequent stud-
ies have focused on understanding the relationship between
endogenous antioxidant enzyme programs and redox metabo-
lism during ECM-detached conditions. For example, it seems
reasonable to extrapolate the aforementioned findings regard-
ing deficient PPP flux during ECM detachment to the fact that
the activity of the endogenous antioxidant program would be
disproportionately important for mitigating oxidative stress.
Intriguingly, it was discovered that overexpression of catalase
(CAT) or superoxide dismutase 2 (SOD2 also known as manga-
nese superoxide dismutase or MnSOD) is sufficient to promote
luminal filling by promoting the survival of centrally located,
ECM-detached cells in 3D cultures of mammary acini (17). Fur-
thermore, antagonizing catalase or SOD2 expression did not
impact the viability of ECM-attached cells but specifically com-
promised the survival of ECM-detached cells. When expanding
on these findings in vivo, Davison et al. (17) assessed whether
inhibiting antioxidant enzymes (e.g. catalase) could compro-
mise tumor formation in an experimental metastasis assay.
Indeed, a reduction of catalase levels in breast cancer cells sub-
stantially attenuated tumor burden in the lungs of immuno-
compromised mice following tail vein injection (17). Additional
studies have demonstrated that SOD2 expression is elevated in
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human breast cancer metastases compared with primary
tumors, a finding entirely consistent with a role for SOD2 in
facilitating the survival of ECM-detached cancer cells. Further-
more, expression of SOD2 correlates with histologic tumor
grades in human breast cancer and contributes to cancer cells’
evasion of anoikis (28). Taken together, these data highlight an
important role for the endogenous antioxidant programs in
facilitating the survival of cancer cells during ECM detachment.

Additional studies examining antioxidant activity during
metastasis further underscore the importance of maintaining
redox metabolism during ECM detachment. For example,
animal models of lung cancer and malignant melanoma have
shown that dietary supplementation of antioxidants and genetic
manipulation of either glutathione synthesis or antioxidant
activity can result in enhanced distant metastases (29 –31).
Although these studies do not focus on the behavior of cells
during ECM detachment per se, they are broadly consistent
with the aforementioned data suggesting that ECM-detached
cancer cells benefit from antioxidant activity. Supporting this
supposition, studies have demonstrated a role for NAD(P)H/
quinone oxidoreductase 1 (NQO1) in the survival of ECM-be-
reft cancer cells (32). Antagonizing NQO1 signaling in lung
carcinoma cells led to a deleterious increase in ROS levels,
halted anchorage-independent growth, increased anoikis, and
blocked the invasion of tumor cells grown in spheroids. Fur-
thermore, NQO1 deficiency decreased both cell proliferation
and lung tumor growth in mouse xenograft studies thereby
underscoring the importance of NQO1’s enzymatic activity for
the survival of cancer cells. Other studies exploring the endog-
enous cellular antioxidant pathways have focused on glutathi-
one (GSH), the most abundant antioxidant present in human
cells (33). Using a mouse model of breast cancer, investigators
discovered that synthesis of GSH, driven by the glutamate cys-
teine ligase modifier (GCLM), is necessary for primary tumor
formation. Loss of GCLM prevented a tumor’s ability to drive
the metastatic cascade, where survival in the absence of ECM
attachment is imperative. These results can be reproduced
using an inhibitor of GSH synthesis but strikingly only if the
inhibitor is delivered prior to tumor onset, suggesting that
antagonizing GSH solely is effective prior to tumor formation.
Additionally, these data indicate that at the later stages of the
metastatic cascade, GSH becomes dispensable due to compen-
sation from alternative antioxidant pathways. Indeed, this was
the case as thioredoxin (TXN) levels were increased when GSH
synthesis was blocked (34). Intriguingly, combinatorial inhibi-
tion of TXN and GSH leads to a synergistic block on cancer cell
survival, leading to their ultimate death both in vitro and in vivo.
Thus, aspiring cancer cells can be eliminated by restraining a
single antioxidant pathway, but fully transformed cancer cells
can thwart this restraint and utilize additional, redundant anti-
oxidant pathways to promote their survival. These findings are
entirely consistent with data demonstrating that ECM-de-
tached cells can be compromised through manipulation of their
endogenous antioxidant defense systems.

Similar to the complexity surrounding ROS signaling during
ECM detachment, a study on colorectal cancer emphasizes the
complex nature of understanding how antioxidant activity
impacts cancer cell survival. Unexpectedly, high doses of vita-

min C, which has well-documented antioxidant activity, can
lead to an elevation in intracellular ROS levels in cells with
activating mutations in K-Ras or B-Raf (35). The surprising
increase in ROS is first initiated by cellular uptake of oxidized
vitamin C (dehydroascorbate (DHA)) via the glucose trans-
porter, GLUT1. This uptake of DHA leads to a significant
increase in ROS levels as intracellular DHA is reduced back to
vitamin C at the expense of GSH. As a consequence of dimin-
ished GSH pools, ROS levels increase and subsequently inacti-
vate glyceraldehyde-3-phosphate dehydrogenase. This hin-
drance of glyceraldehyde-3-phosphate dehydrogenase activity
in highly glycolytic KRAS or BRAF mutant cells leads to a bio-
energetic crisis and subsequent cell death. Although the precise
impact that high doses of vitamin C can have on the viability of
ECM-detached cells was not assessed in these studies, ECM-
detached cells could be disproportionately eliminated by high
doses of vitamin C given their already compromised redox
defenses. Furthermore, these findings provide compelling evi-
dence that the precise impact of certain compounds on ROS
levels can be highly context-dependent as small molecules with
antioxidant properties can enhance rather than reduce harmful
ROS when administered at high doses (35).

Mitochondrial and amino acid metabolism

Balancing redox homeostasis during ECM detachment
extends to mitochondrial and amino acid metabolism. In times
of glucose deprivation, such as during ECM detachment,
cancer cells often shift their metabolism disproportionately to
utilize glutamine. For example, in order for cancer cells to
survive glucose deprivation, glutamate dehydrogenase activ-
ity increases to support the synthesis of TCA cycle intermedi-
ates that can be utilized for macromolecular and nucleotide
synthesis (36, 37). More salient for the topic at hand, glutamine
metabolism is critically important for the production of gluta-
thione and NADPH, both of which function to detoxify ROS in
a fashion that is required for cancer cell survival (19, 37– 44).
Moreover, certain types of cancers appear to have a specific
mechanism to utilize glutamine to effectuate their progression.
For example, a noncanonical pathway of glutamine metabo-
lism transpires in pancreatic ductal adenocarcinoma (PDAC).
In PDAC cells, glutamine-derived aspartate can translocate to
the cytosol and be converted into oxaloacetate by aspartate
transaminase (GOT1). The newly derived oxaloacetate is then
synthesized into malate followed by pyruvate, which functions
to ameliorate any elevations in cellular ROS (45). In addition, a
recent study in lung carcinoma cells explored how glutamine is
metabolized to specifically facilitate anchorage-independent
growth. This study discovered that ECM-detached lung carci-
noma cells utilized IDH1 to reductively decarboxylate gluta-
mine to citrate in the cytosol. The newly derived citrate subse-
quently enters the mitochondria via citrate transporter protein
where it participates in oxidative metabolism. More specifi-
cally, the activity of mitochondrial IDH2 functions to generate
NADPH and neutralize mitochondrial ROS in a fashion that
promotes survival (19). These data are in alignment with previ-
ous anchorage-independent growth studies whereby mitiga-
tion of ROS is required to promote ATP generation and survival
(18).
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Glutamine is far from the only amino acid that can be metab-
olized in a fashion that impacts redox regulation during ECM
detachment. Recently, a number of studies have assessed the
significance of serine and glycine metabolism in cancer cells.
The complex, cyclical nature of serine and glycine metabolism
can occur through cytoplasmic and mitochondrial pathways,
both of which have been demonstrated to be up-regulated in
cancer cells (46 –50). Additionally, serine and glycine metabo-
lism converges on the formation of folate compounds, a target
of chemotherapy for over 60 years (51–53). The significance of
serine and glycine metabolism does not halt at the support of
nucleotide synthesis. Serine and glycine contribute to ATP
production through one-carbon metabolism using methyl-
enetetrahydrofolate dehydrogenase (MTHFD1) (54). In
poorly vascularized gliomas, high serine hydroxymeth-
yltransferase 2 (SHMT2) activity and glycine cleavage are
required for cancer cell survival (55). Additionally, when MYC-
transformed cells are exposed to hypoxic conditions, they
require the activity of SHMT2 to break down serine and thus
maintain NADPH production and redox balance necessary for
tumor cell survival (56). Expanding upon these findings, serine
metabolism has been shown to contribute to the regeneration
of mitochondrial NADPH in lung cancer cells (57). Overall,
these data indicate that serine and glycine metabolism are not
only required for nucleotide synthesis but also for promoting
ATP generation, redox homeostasis, and cancer cell survival
during periods of stress. To the best of our knowledge, no stud-
ies to date have elucidated the specific contribution of serine or
glycine metabolism to the maintenance of appropriate redox
metabolism during ECM detachment. However, additional
studies focused on addressing this question would substantially
improve our understanding of cancer cell survival during ECM
detachment, when cells experience nutrient deficiency and are
subject to elevated oxidative stress.

Although the specific contributions of serine and glycine
metabolism to balancing redox homeostasis during ECM
detachment remain unexplored, a recent, elegant study shed
light on the contribution of proline metabolism to the survival
of ECM-detached cells. Interestingly, proline catabolism via
proline dehydrogenase (Prodh) supports growth of breast can-
cer cells grown in 3D culture but not in 2D culture. The break-
down of proline by Prodh supports mitochondrial ATP produc-
tion by feeding electrons, in the form of FADH2, into the
electron transport chain. Furthermore, PRODH expression and
proline catabolism are increased in metastases compared with
primary breast cancers of patients and mice. Strikingly, antag-
onizing Prodh is sufficient to abrogate formation of lung metas-
tases in two independent mouse models, without affecting
healthy tissue or organ function (58). In aggregate, Prodh holds
promise as a novel drug target to tip the balance of redox home-
ostasis in favor of blocking metastasis formation.

Concluding remarks

The numerous pre-clinical studies in distinct cell lines and
cancers discussed here emphasize the importance of maintain-
ing redox balance during ECM detachment (see summary in
Fig. 1). For cancer cells to successfully metastasize to a second-
ary site, they must inhibit anoikis-dependent and -independent

signaling in addition to detoxifying damaging ROS levels. As is
evident from the studies discussed here, cancer cells utilize a
throng of distinct approaches to influence redox metabolism
and promote survival. These include oncogene-mediated signal
transduction, the promotion of PPP flux, the abundance and
activity of endogenous antioxidant programs, modifications in
enzymes that regulate glucose flux, activation of reductive decar-
boxylation of glutamine, and stimulation of proline catabolism.
Although the ability of ROS to compromise ECM-detached cells is
now well understood, the precise impact of these alterations on
various stages of tumor progression will need to be further
assessed. Additional studies using more sophisticated animal
models that more faithfully recapitulate disease will facilitate the
translation of these findings into a clinical context. It also remains
a mystery as to the molecular mechanism by which ECM-de-
tached cells are eliminated in an anoikis-independent fashion
when exposed to elevated ROS. One intriguing avenue that
may be explored in the future is the role of ferroptosis in
antagonizing the survival of ECM-bereft cells. Ferroptosis is
novel type of programmed cell death that is dependent upon
intracellular iron and is morphologically, biochemically, and
genetically distinct from apoptosis, necrosis, and autophagy
(59, 60). Mechanistically, ferroptosis is activated when glutathi-
one biosynthesis or the glutathione-dependent antioxidant
enzyme glutathione peroxidase 4 (GPX4) is inhibited. Conse-
quently, halting either of these functions leads to prevention of
cystine uptake by system Xc

� creating a void in the antioxidant
fortifications of the cell and culminates in iron-dependent, oxi-
dative cell death (59 –62). Considering the substantial increase
in ROS levels during ECM detachment and the importance of
the loss of glutathione levels in activating ferroptosis, it seems
plausible that ferroptosis is activated when cells detach from
the ECM. That being said, manipulation of other endogenous
antioxidant enzymes (independent of GPX4) has not been
described to lead to the induction of ferroptosis during ECM
detachment. Given this, additional studies that assess ferrop-
totic cell death as a consequence of distinct manipulations of
the antioxidant machinery will be important to better under-
stand whether this pathway is important for the elimination of
ECM-detached cells.
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Environmental agents and reactive metabolites induce myr-
iad chromosomal lesions that challenge the integrity of our
genome. In particular, the DNA double-strand break (DSB) has
the highest potential to cause the types of chromosome aberra-
tions and rearrangements found in transformed and cancer
cells. Several conserved pathways of DSB repair exist in
eukaryotes, and these have been the subject of intense studies in
recent years. In this Thematic Minireview Series, four leading
research groups review recent progress in deciphering DSB
repair mechanisms and the intricate regulatory network that
helps determine the preferential engagement of one pathway
over others.

Four conserved pathways of DNA double-strand break
(DSB)2 repair, namely, nonhomologous DNA end joining
(NHEJ), alternate end joining (a-EJ), homologous recombina-
tion (HR), and single-strand annealing (SSA), operate in
eukaryotic cells. The mechanism by which each of these path-
ways eliminates DSBs is distinct, although HR, SSA, and a-EJ
share a common step in the initial lesion processing that yields
long single-stranded (ss) DNA tails as a prerequisite. In WT
cells, the majority of DSBs are removed via either NHEJ or HR,
with a-EJ and SSA making only a minor contribution in this
regard. Importantly, the types of products generated by the four
repair mechanisms differ greatly, with HR being particularly
adept at accurately restoring the original configuration of the
injured DNA molecule. In contrast, the remaining three DSB
repair mechanisms are mutagenic in nature, with a-EJ and SSA
being the most deleterious in terms of DNA sequence loss dur-
ing repair.

Advancements in delineating DSB repair mechanisms will
have far-reaching implications for human health, as dysfunc-
tion in NHEJ and HR is associated with malignancies, and par-
adoxically, all four DSB pathways are capable of generating the

types of chromosome rearrangements encountered in cancer
cells. Importantly, HR also helps mediate the removal of inter-
strand DNA cross-links and is indispensable for meiotic chro-
mosome segregation, and recent studies have implicated a sub-
set of HR proteins in the protection of stressed DNA replication
forks against spurious attrition by cellular nucleases (1). Like-
wise, NHEJ also serves an important function in the joining of
DSBs that arise during V(D)J recombination and IgH class
switch recombination (2).

In the first article, Her and Bunting (3) review how cells go
about making decisions to engage any of the four DSB repair
pathways. These decisions are in large part tied to the cell cycle,
as cells in the G1 stage are much less adept at resecting DSB
ends, thereby rendering NHEJ the default repair mechanism
therein. Besides direct exclusion of the resection machinery
from DNA ends by the abundant NHEJ factor Ku, DNA resec-
tion is additionally restricted by the chromatin-binding factor
53BP1 (Rad9 in budding yeast) in G1 cells. Recent studies have
shown that 53BP1 nucleates the formation of a higher-order
complex, termed Shieldin (Ref. 4 and references therein), that
serves to prevent recruitment of end resection factors. Thus,
Shieldin effectively “channels” the DNA break ends into NHEJ
for rejoining (3, 4). With the onset of S phase, a series of post-
translational modifications, including a cascade of protein phos-
phorylation and ubiquitin conjugation to key targets, occurs.
These events culminate in the recruitment of the tumor sup-
pressor complex BRCA1–BARD1, which, acting in an unde-
fined manner, helps overcome the suppressive effects of Ku and
Shieldin on resection so as to enable HR, a-EJ, and SSA.

In the second article, by Pannunzio, Watanabe, and Lieber
(5), we are treated to an expert analysis of the biochemical
mechanism and regulation of NHEJ. There has been a persis-
tent misconception that NHEJ does not entail resection of the
DNA ends to expose ssDNA. The authors go to considerable
length to dispel this by emphasizing how NHEJ is often accom-
panied by a modest amount of DNA strand resection, the pur-
pose of which is to generate ssDNA regions for the formation of
a DNA hybrid of a few base pairs to facilitate the end-joining
reaction. Such processing of DNA ends results in nucleotide
loss or addition, which explains why broken DNA repaired by
NHEJ is rarely restored to the original DNA sequence. Recent
work has unveiled surprising mechanistic complexity of NHEJ.
Starting with Ku and the recruitment of the nuclease Artemis in
complex with the kinase DNA-dependent protein kinase, cata-
lytic subunit (DNAPKcs), NHEJ can follow one of several alter-
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nate reaction paths depending on the nature of the DNA ends.
As such, the NHEJ machinery possesses considerable plasticity,
to allow it to effectively engage different DNA end configura-
tions, resulting in multiple junctional outcomes during break
repair.

The biochemical mechanism of HR and its DSB repair role
are the subject of the third article, by Wright, Shah, and Heyer
(6). Although HR is considered a high-fidelity repair tool, it can
also generate chromosome rearrangements, e.g. chromosome
arm translocations that might lead to undesirable phenotypic
changes and cell transformation (7). Accordingly, HR is subject
to multiple layers of regulation so as to avoid the formation of
potentially pathological end products (3, 7). In metazoans, HR
depends on several well-known tumor suppressors, including
BRCA1 and BRCA2, that act to facilitate different stages of the
repair reaction. The authors skillfully lead us through key yeast
studies and parallel endeavors in higher eukaryotes that have
yielded major insights into the execution and regulation of HR.
Specifically, they discuss how different HR factors and their
regulators function in concert to execute the DNA end resec-
tion, DNA homology search, DNA strand invasion, and repair
DNA synthesis steps of HR. Moreover, we learn how, in mitotic
cells, late HR intermediates are resolved by conserved mecha-
nisms to prevent the formation of potentially deleterious cross-
over recombinants.

The fourth article, by Sallmyr and Tomkinson (8), focuses on
the biochemical mechanism of a-EJ and SSA. As mentioned
earlier, although these two repair pathways act infrequently in
DSB elimination, both have the potential of generating DNA
products that harbor a large deletion of sequences flanking the
DNA break. Because a-EJ and SSA require the presence of long
3�-tailed ssDNA regions, they are dependent on DNA end
resection that produces the ssDNA template needed for the

assembly of the RAD51-containing HR machinery (3, 6). The
notion that a-EJ and SSA are “pathological” oddities arising in
cells deficient in HR or NHEJ has been dispelled by the finding
that they operate under normal physiological conditions. As
such, a-EJ and SSA should be viewed as “backup” pathways to
NHEJ and HR. Understanding the mechanism of a-EJ has
become a hot topic and will likely have therapeutic implica-
tions, because inhibition of this DSB repair system should, in
theory, provide an effective means to kill tumor cells deficient
in HR or NHEJ without affecting normal tissues.
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DNA double-strand breaks (DSBs) arise regularly in cells and
when left unrepaired cause senescence or cell death. Homolo-
gous recombination (HR) and nonhomologous end-joining
(NHEJ) are the two major DNA-repair pathways. Whereas HR
allows faithful DSB repair and healthy cell growth, NHEJ has
higher potential to contribute to mutations and malignancy.
Many regulatory mechanisms influence which of these two
pathways is used in DSB repair. These mechanisms depend on
the cell cycle, post-translational modifications, and chromatin
effects. Here, we summarize current research into these mech-
anisms, with a focus on mammalian cells, and also discuss repair
by “alternative end-joining” and single-strand annealing.

Many cancer cells show genomic abnormalities consistent
with aberrant repair of DNA double-strand breaks (DSBs)2 (1).
Mammalian DSBs can be repaired by homologous recombina-
tion (HR), “canonical” nonhomologous end-joining (C-NHEJ),
“alternative” nonhomologous end-joining (A-EJ), or by single-
strand annealing (SSA) (Fig. 1) (2, 3). Each of these pathways
requires specific repair factors and produces different repair
outcomes. HR is typically considered to be a “faithful” pathway,
and deficiencies in HR contribute to mutations associated with
malignancy and reduced cell health. Given these observations, a
great deal of effort has been dedicated in recent years to under-
standing when and how DNA repair pathways are regulated.

NHEJ often acts first to repair DSBs

Several lines of evidence indicate that C-NHEJ often acts first
to attempt to repair DSBs (4 –8). If NHEJ cannot be completed,
then the DSB undergoes “resection,” in which one strand of the
DNA duplex is degraded to produce a single-stranded DNA
overhang suitable for alternative pathways of repair (2). Fluo-
rescent reporter constructs integrated into the chromosomes

of human cell lines revealed that NHEJ is much faster than HR,
taking place within 30 min (versus several hours for HR), and
accounts for �75% of repair events (6). Cell cycle-specific stud-
ies using knockout cell lines demonstrated that �80% of DSBs
induced by ionizing radiation in G2 are repaired by NHEJ (4).
According to these estimates, HR might be considered a path-
way that acts in specific contexts, when NHEJ is not active or
successful. In fact, a study in which DSBs were induced tran-
siently using the I-SceI meganuclease revealed almost no HR-
mediated repair (8). This low level of HR may be dependent on
rapid ligation of cohesive ends formed by I-SceI cutting.

Structure of DNA breaks influences the pathway used for
repair

Other evidence supports the idea that the structure of the
DSB can influence DNA repair pathway choice. For example,
DSBs induced using near-infrared microbeam irradiation, or
high-linear energy transfer carbon ions, tend to have a more
complex structure than those induced with I-SceI. In each case,
the more complex DSBs generated using these approaches
could not be repaired quickly by NHEJ and instead required
additional processing or a greater use of HR for repair (9, 10).
Use of different variants of Cas9 with site-specific gRNAs also
allowed different DSB structures to be generated at break sites
(11). Interestingly, DNA ends with a 47-nucleotide 5� overhang
were subject to HR-mediated gene conversion at a far higher
frequency than “blunt” DSBs, which are repaired primarily by
classical NHEJ.

Cell cycle is a major determinant of repair pathway
choice

Although kinetics and end structure are undoubtedly impor-
tant in determining what pathway is used for DSB repair, it is
clear that different cell types use different repair pathways at
different rates. For example, HR appears to be especially effi-
cient in stem cells, whereas NHEJ is used more frequently in
more differentiated lineages (12). DSB repair pathway choice
must therefore be subject to regulation, which can take place at
many different stages. A key determinant of repair pathway
usage is the cell cycle phase (Fig. 2). Tracking live cells to mea-
sure what proportions of DSBs are repaired by HR indicated
that HR reaches peak activity in mid-S phase, whereas NHEJ
predominates in G1 and G2 (5). NHEJ is repressed during mito-
sis, however, by a mechanism involving phosphorylation of key
DNA damage–response factors by the mitotic-specific kinase,
CDK1 (13).
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The activation of HR in S phase is dependent in part on
activation of “resection” activities. Cyclin-dependent kinase
(CDK)-mediated phosphorylation of CtIP, a key protein that
stimulates resection, is one way that HR is activated during S
phase (14). This enables HR-mediated repair of DSBs formed
during S phase, which can use a sister chromatid as a template.
Conversely, HR is disfavored during G1, when homologous
templates for HR-mediated repair of DSBs are unlikely to be in
close proximity. HR is suppressed during G1 by a variety of
mechanisms. First, CtIP is substantially destabilized by protea-
some-mediated degradation during G1, and it only becomes
present at substantial amounts in the nucleus following activa-
tion of CDK activity (15). CtIP-mediated resection has none-
theless been reported during G1 (16). CtIP-mediated resection
in G1 is dependent on phosphorylation of CtIP by Plk3 and
leads to NHEJ-mediated repair with a high proportion of muta-
tions. The potentially mutagenic impact of resection during G1
underscores the importance of additional mechanisms to reg-
ulate resection (discussed below). Recently, the RECQ family
helicase, RECQL4, was identified as a regulator of repair path-
way choice between the G1 and S phase of the cell cycle (17).
RECQL4 is recruited to DSBs at all phases of the cell cycle, but
it interacts with the NHEJ factors Ku70/80 during G1 and with
MRE11 during S and G2. This switch in the binding partner of
RECQL4 is mediated by phosphorylation by CDK1/2. A recent
report shows that NBS1 is down-regulated by cell cycle-specific
phosphorylation to determine the activity of NHEJ at telomeres
(18). CDK2-mediated phosphorylation of NBS1–Ser-432 (Ser-
433 in mice) promotes dissociation of NBS1 from TRF2-pro-
tected telomeres during S phase, preventing the formation of
chromatid fusions by NHEJ.

Regulation of NHEJ

Several factors promote NHEJ during G1 and subsequently
limit the use of NHEJ as the cell transitions into S phase. Recent
reports indicate that a number of enzymes help remove the

heterodimeric DNA-binding complex Ku70/80, which is a key
component of the C-NHEJ pathway, from DSBs, thereby
increasing the use of HR. Ku80 is a target for RNF138 E3 ubiq-
uitin ligase activity, and in the absence of RNF138, Ku80 per-
sists at the DNA end, inhibiting DSB resection and HR (19). The
importance of RNF138 for determining repair pathway choice
is further demonstrated by its ability to regulate the resection
factor, CtIP (20). Ubiquitylation of CtIP by RNF138 increases
its ability to promote resection, whereas ubiquitylation of Ku80
by RNF138 reduces its ability to promote NHEJ. The exact
mechanism by which these ubiquitylations affect the activity of
repair factors is not yet completely clear. The effect of RNF138
ubiquitylation on Ku80 abundance at break sites appears to be
independent of proteasome-mediated degradation. However,
RNF8, SCFFbxl12, VCP-p97, and RNF126 have all been impli-
cated in targeting Ku to the proteasome, and thereby shifting
the balance of repair from NHEJ to HR (21–24). The CRL4 E3
ubiquitin ligase, which contains either CUL4A or CUL4B, has
additionally been implicated in removal of Ku via a ubiquitin-
dependent mechanism that is also dependent on neddylation
(25). At this point, it is not clear whether these ubiquitin-medi-
ated processes act redundantly or in response to specific types
of DNA damage.

In addition to ubiquitin-mediated mechanisms, the activity
of Ku70/80 in NHEJ is regulated based on phosphorylation (26).
Five serine/threonine residues in the central region of Ku70 are
phosphorylated by the DNA-dependent protein kinase cata-
lytic subunit (DNA-PKcs), which binds to Ku70/80 during G1.
This phosphorylation alters the structure of the Ku het-
erodimer, reducing its affinity for DNA. Dissociation of
Ku70/80 following phosphorylation allows resection to begin,
increasing the rate of HR in S phase. DNA-PKcs also regulates
HR by modulating the activity of the ATM kinase in response to
DNA damage (27). ATM is a master regulator of DNA damage
responses, with hundreds of known substrates. DNA-PKcs
phosphorylates ATM at multiple sites, which reduces its kinase
activity and therefore restricts its ability to induce DSB resec-
tion leading to HR.

In 2017, Karlsreder and co-workers (28) demonstrated that
CYREN (cell cycle regulator of NHEJ) represses NHEJ during S
and G2 phases of the cell cycle. CYREN is only expressed during
these cell cycle phases, when it blocks NHEJ activity by binding
to Ku. Knockout of CYREN produces a significant increase in
NHEJ-mediated chromatid fusions at deprotected telomeres.
This result underscores the importance of correct regulation of
DSB repair pathways, to prevent mutations arising from “toxic
NHEJ” (29).

Regulation of DSB resection

A major step committing a DSB to HR is 5�–3� resection of
the DNA end to form a 3� single-stranded DNA overhang. The
initial step in resection involves end processing by a complex of
MRE11 and CtIP, followed by “long-range” resection either by
BLM/DNA2 or EXO1 (2). MRE11 is present along with RAD50
and NBS1 as the “MRN” complex and has both endonuclease
and exonuclease activity (30). MRE11 first cuts one DNA strand
close to the break site, using its 5�–3� endonuclease activity and
then degrades the same strand using its processive 3�–5� exo-

Figure 1. Overview of pathways for DNA DSB repair in mammals. Canon-
ical nonhomologous end-joining (C-NHEJ) involves direct ligation at the
break site, often with some number of base insertions or deletions that can
cause mutation. A-EJ refers to NHEJ that does not use canonical end-joining
factors. Homologous DNA sequences are indicated in red. A-EJ often involves
some degree of resection, creating single-stranded regions that may pair at
areas of micro-homology. Processing and excision of the intervening
sequence is likely to cause mutation at the repair junction. SSA also involves
resection and pairing of homologous regions but uses different repair
machinery and is more likely to result in large deletion mutations. HR involves
resection at the DSB and repair using a homologous DNA sequence as a tem-
plate. It is usually error-free but may occasionally contribute to mutation. For
more details see Refs. 2 and 3.
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nuclease activity. Ku70/80 is displaced from the break site by
MRE11-mediated end processing, thereby preventing further
NHEJ activity. Selective inhibition of the endonuclease activity
of MRE11 can prevent subsequent resection, however, allowing
further attempts to repair damage using NHEJ.

CtIP plays an important role in activation of MRE11 nuclease
activities to initiate HR. As such, CtIP is itself subject to multi-
ple layers of regulation. As mentioned previously, CDK-medi-
ated phosphorylation of CtIP at Thr-847 facilitates resection by
MRE11-CtIP upon transition to S phase (14). CtIP activity is
also enhanced by constitutive sumoylation by CBX4 on Lys-896
and by SIRT6-mediated deacetylation (31, 32). Conversely,
other post-translational modifications appear to limit CtIP-
mediated resection. The E3 ubiquitin ligase, CRL3KLHL15, tar-
gets CtIP for proteasomal degradation (33). CtIP activity also
appears to be limited by RNF111-mediated neddylation,
although CtIP is not a direct substrate for RNF111 (34). In each
of these cases, the exact mechanism by which KLHL15 levels or
RNF111 activity are regulated in response to DNA damage to
modulate CtIP activity has yet to be fully understood.

Formation of a complex of CtIP with BRCA1 was formerly
considered to be an essential step leading to up-regulation of
DSB resection activity during the transition to S phase. More
recent work has challenged this model. Ser-327 in CtIP was
proposed to be the critical interface for interaction with
BRCA1, but mutation of this residue revealed that it is not nec-
essary for normal HR (35, 36). Several other factors have been
suggested to help recruit CtIP to DNA breaks. Recruitment of
CtIP to S phase DNA damage sites appears to be increased by its
interaction with AUNIP, a protein that has intrinsic DNA-
binding capability, with particular affinity for DNA structures
formed at stalled replication sites (37). The dNTP triphospho-
hydrolase, SAMHD1, also recruits CtIP to DNA break sites
(38). SAMHD1 had previously been characterized as a factor
that modifies the infectivity of HIV, by altering cellular pools of

dNTPs required for reverse transcription. SAMHD1 also
localizes to break sites, however, and cancer-associated
mutations in SAMHD1 map to the CtIP-interaction region,
instead of the dNTPase-active site. Formation of the com-
plex of CtIP–MRE11 at break sites is also dependent on
RECQL4, and levels of HR correlate with the expression level
of RECQL4 (39).

Several new players have recently been suggested to regulate
DSB resection in mammalian cells. PHF11 (plant homeodo-
main finger 11) was shown to interact with RPA to promote
extensive resection by EXO1 (40). Conversely, the helicase
HELB was shown to be an antagonist of resection, with an abil-
ity to inhibit long-range resection by EXO1 or BLM-DNA2
(41).

BRCA1 and 53BP1: A key regulatory partnership

The DNA damage–response factor 53BP1 was identified as a
negative regulator of HR in 2010, and the outcomes of patients
with BRCA1-mutant cancer were shown to be dependent on
levels of 53BP1 expression (29, 42). 53BP1 limits resection of
DSBs, steering repair toward NHEJ and away from HR. This
effect is counteracted by BRCA1, which allows resection to
continue in the presence of 53BP1. 53BP1 is recruited to chro-
matin around DSBs by binding to specific histone modifica-
tions (Fig. 3). The Tudor domain of 53BP1 binds to H4K20Me2,
which is present throughout the genome, whereas the 53BP1
“ubiquitin-dependent recruitment” region binds to H2AK15ub,
which is induced by RNF168 following damage signaling at
DSBs (43, 44). Multiple factors influence the ability of 53BP1
to bind to these chromatin marks and therefore to affect
repair pathway choices at break sites. For example, 53BP1 was
shown to have reduced retention at DSBs in S phase, because
H4K20Me2 becomes “diluted” as replication proceeds (45).
This effect limits the ability of 53BP1 to bind around DSBs and
restrict resection as S phase proceeds, favoring increased use of

Figure 2. Cell cycle-dependent regulation of DSB repair pathways in mammals. Pathways for repair of DSBs are active at different rates at different phases
of the cell cycle. NHEJ dominates in G1, whereas HR is most active in S phase. NHEJ and HR appear to compete for repair of DSBs in G2, but both pathways are
down-regulated during M phase. Changes in activity of different pathways depend on differential expression of regulatory factors and post-translational
modification. Several regulatory mechanisms are shown. See text for details.
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HR. Binding of 53BP1 to H4K20Me2 is reduced by the presence
of JMJD2A and L3MBTL1, which compete for H4K20Me2-
binding sites (46, 47). These proteins can be displaced by the E3
ubiquitin ligase, RNF8, but this activity is opposed by deubiq-
uitinating enzymes (DUBs). Specifically, JMJD2A recruitment
is enhanced by the DUB activity of POH1, whereas the
DUB OTUB1 restricts ubiquitination-mediated removal of
L3MBTL1 (48, 49). In each of these cases, the DUB activity
favors HR, by making it harder for 53BP1 to bind to H4K20Me2
around DSBs. 53BP1 binding to H4K20Me2 is further repressed
by the expression of TIRR, a protein that binds to the Tudor
domain of 53BP1, preventing it from associating with chroma-
tin (50). As it is often amplified in tumor cells, TIRR may pro-
mote malignancy by impacting regulation of DNA repair by
53BP1. The histone acetyltransferase complex, TIP60, also
competes with 53BP1 for H4K20Me2 (51). NMR spectroscopy
showed that acetylation of H4K16 by TIP60 to produce
H4K16Ac disrupts 53BP1 binding to chromatin by interfering
with the interaction between key residues in the 53BP1 Tudor
domain and histone H4 in the core nucleosome (52). TIP60
therefore creates a chromatin environment that is more favor-
able for BRCA1 binding relative to 53BP1 binding, leading to
increased use of HR instead of NHEJ.

Just as JMJD2A and L3MBTL1 compete with 53BP1 for
H4K20Me2 binding, the E3 ubiquitin ligases RNF169 and
RAD18 also compete with 53BP1 for binding to H2AK15ub (53,

54). The ability of 53BP1 to bind to H2AK15ub is also limited
by phosphorylation or acetylation of key residues within the
ubiquitin-dependent recruitment region (13, 55, 56). In addi-
tion to its recruitment, the stability of 53BP1 is also regulated
by proteasome-mediated degradation dependent on the E2
enzyme, UBCH7 (57). UBCH7 activity is up-regulated upon
replication stress, leading to increased degradation of 53BP1
and therefore higher levels of HR.

In general, BRCA1 is considered a pro-HR factor, based on
long-standing studies that demonstrated that it supports for-
mation of foci of the key recombination mediator, RAD51, after
DNA damage and that it enables HR in plasmid reporter assays
(58). BRCA1 forms nuclear “foci” after DNA damage, and many
of these foci are dependent on the presence of the adaptor
protein, RAP80, and the activities of the E3 ubiquitin ligases,
RNF8 and RNF168. Surprisingly, however, deletion of RAP80
increases the rate of HR, indicating that RAP80 may be seques-
tering BRCA1 in areas within the nucleus where it is not able to
promote HR (59, 60). If RAP80-dependent foci of BRCA1 do
not represent sites of active recombination, it follows that there
must be some other way for BRCA1 to be recruited to DSBs that
support its pro-HR function. One way that this may be achieved
is by conversion of RAP80-containing BRCA1 complexes into a
pro-recombinogenic form. The zinc finger protein, ZMYM3,
may play this role, as it is found associated with BRCA1 and
RAP80, and supports HR (61). Alternatively, some other factor

Figure 3. 53BP1-BRCA1 network for regulation of repair pathway choice at DSBs. 53BP1 normally represses use of HR for repair of DSBs. This is achieved
in part by 53BP1-mediated recruitment of the downstream regulators RIF1, REV7, and PTIP. These factors repress resection, including by recruitment of Artemis,
which can remove potentially-recombinogenic tracts of single-stranded DNA at the break site. The effect of 53BP1 is antagonized by factors that compete for
chromatin-binding sites (JMJD2A, L3MBTL, and RNF169), inhibit 53BP1 recruitment (TIP60 and TIRR), block recruitment of downstream modulators of 53BP1
(SCAI), or promote degradation of 53BP1 (UBCH7). BRCA1 recruited to break sites via RAP80 may not always be in a complex that supports HR, but interaction
with ZMYM3 may contribute to activation of BRCA1 to promote HR. BRCA1 antagonizes 53BP1 in part through recruitment of UHRF, which ubiquitylates RIF1,
preventing RIF1 from being stably retained at the break site. BRCA1 may also inhibit 53BP1 binding through E3 ubiquitin ligase activity at the break. See text
for more details.
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may regulate recruitment of BRCA1 to support HR. Recently,
the Cockayne Syndrome B protein was shown to mediate
BRCA1 recruitment to damage sites, enabling higher rates of
DSB resection and HR (62).

The mechanism by which BRCA1 prevents 53BP1-mediated
inhibition of resection and HR is still not fully understood, but
recent years have seen several studies that potentially shed light
on this long-standing mystery. One mechanism by which
BRCA1 relieves the block on DSB resection caused by RIF1
depends on the E3 ubiquitin ligase, UHRF1 (63). UHRF1 is phos-
phorylated by CDK2, which is active in S phase, allowing it to be
recruited to DSBs by BRCA1. UHRF1 then ubiquitylates RIF1
bound to 53BP1 at the break site, causing RIF1 to be displaced
and partially overcoming the block on resection caused by
53BP1. Another recent report suggested that BRCA1 displaces
RIF1 by a different mechanism that involves PP4C-mediated
dephosphorylation of 53BP1 (64). A third model for BRCA1-
mediated reversal of the block on resection imposed by 53BP1
involves ubiquitination of H2AK127 by the BRCA1-BARD1 E3
ligase, which triggers SMARCAD1-mediated repositioning of
nucleosomes and 53BP1 to allow processive DSB resection (65).
This model is based on evidence from a point mutation in
BARD1, which forms a heterodimeric E3 ubiquitin ligase with
BRCA1. Longitudinal studies in genetically-targeted mice have
however suggested that the E3 ligase activity of BRCA1 is dis-
pensable for tumor suppression (66).

Repair regulation downstream of 53BP1

53BP1 is phosphorylated after DNA damage, leading to asso-
ciation between 53BP1 and its downstream mediators, RIF1
and PTIP (67, 68). Another downstream effector of 53BP1,
REV7, was identified in an shRNA screen for factors that con-
trol HR in the absence of BRCA1 (69, 70). Recent studies have
provided additional insight into how these factors operate and
are regulated. The interaction of 53BP1 with PTIP has the
potential to be extremely significant, because PTIP can recruit
the Artemis endonuclease to damage sites (71). Artemis is bet-
ter known for processing DNA ends prior to NHEJ (3), but it
appears that it also directs DNA repair pathway choice down-
stream of 53BP1 by cleaving single-stranded DNA overhangs,
limiting the ability of RPA or RAD51 to bind and initiate HR.
The interaction of 53BP1 with PTIP appears to be most relevant
for producing aberrant NHEJ events in the absence of BRCA1,
but its interaction with RIF1 is also important for a subset of
NHEJ events, including class switch recombination at the
immunoglobulin heavy chain locus in B lymphocytes (67).
Interestingly, the SCAI protein (“suppressor of cancer cell inva-
sion”) appears to compete with RIF1 for binding to phosphor-
ylated 53BP1 (72). Whereas 53BP1-RIF1 promotes certain
NHEJ events, 53BP1 bound to SCAI seems to be competent for
HR, potentially representing a way in which the balance of
repair pathways can be altered. Many HR factors are essential
for embryonic development, whereas Scai�/� mice are viable
but show a defect in 53BP1-dependent repair of heterochro-
matic DSBs (73). Clearly further work is required to fully under-
stand the role of SCAI in DSB repair.

Regulation of RAD51 loading and unloading

After overcoming any block from 53BP1 and its downstream
effectors, BRCA1 promotes efficient HR at the resected DSB
through at least two processes. BRCA1 recruits first PALB2
(Partner and Localizer of BRCA2) and subsequently BRCA2 to
the break site, where BRCA2 can load RAD51 (58). The inter-
action between BRCA1 and PALB2 is subject to regulation, rep-
resenting another step where control of repair pathway choice
can be exerted. Ubiquitylation of key lysine residues in PALB2
by the CRL3-KEAP1 E3 ubiquitin ligase complex prevents asso-
ciation of PALB2 and BRCA1 in G1, and therefore it pushes
repair toward NHEJ (74). This effect of CRL3-KEAP1 is depen-
dent on low levels of activity of the USP11 DUB, which becomes
up-regulated during S phase, leading to deubiquitylation of
PALB2 and formation of the pro-HR BRCA1–PALB2 complex.
Phosphorylation of PALB2 also regulates its ability to form
complexes with BRCA1, thereby regulating HR at specific
phases of the cell cycle. Notably, ATR activation at resected
DSBs leads to phosphorylation of Ser-59 in PALB2, which
enhances its complex formation with BRCA1 (75).

A number of factors in mammalian cells have “anti-recom-
binase” activity, which means they antagonize the HR pathway
(2, 76). These factors include FBH1, PARI, BLM, RECQL5, and
DNA polymerase �. They act either by destabilizing RAD51
binding to resected DNA ends or by disassembling nascent
recombination intermediates. At this stage, it is not clear to
what extent or how these “anti-recombinases” are regulated to
give a particular repair outcome. The RPA-like protein, RADX,
which was recently discovered through biochemical studies of
factors present at stalled replication forks, acts to restrict
the recombinogenic potential of RAD51 (77). In cells lacking
BRCA2, this antagonistic effect of RADX on HR contributes to
the cytotoxic effects of olaparib or camptothecin, which pro-
duce DSBs in S phase. RAD51 is further regulated by RFWD3,
an E3 ubiquitin ligase that ubiquitylates RPA and RAD51, stim-
ulating their removal by a VCP/p97-dependent pathway (78).
Loss of RFWD3-mediated ubiquitylation results in a failure of
HR and a form of Fanconi anemia.

Role of chromatin and nuclear position in regulation of
repair pathway choice

Repair of DSBs in heterochromatic regions of the genome
requires specialized signaling mechanisms (10), and accumu-
lating evidence supports the idea that the choice of DSB repair
pathway is also influenced by the nature of chromatin at the
break site (Fig. 4). According to one estimate based on RPA
immunofluorescence, 71% of DSBs committed to HR colo-
calized with the heterochromatin markers H3K9me3 or
H4K20me3 (79). This supports the idea that heterochromatic
DSBs are primarily repaired by HR. Three studies published in
2014 also demonstrated that HR is the primary pathway for
repair of DSBs within transcriptionally-active regions (80 –82).
In this case, SETD2-mediated formation of H3K36Me3 at the
sites of transcriptional elongation forms a binding site for the
chromatin-binding factor, LEDGF, which binds after DNA
breakage and helps recruit CtIP for DSB resection and HR (83).
The histone demethylase, JMJD2A, can reduce the use of HR in
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these regions by reducing overall abundance of H3K36Me3.
The presence of acetylated histones in transcriptionally-active
regions, and demethylation by KDM5A, allows binding of the
bromodomain protein, ZMYND8 (84). ZMYND8 favors HR, by
recruitment of the chromatin-remodeling NuRD complex.
Depletion of ZMYND8 reduces HR but has no effect on NHEJ.
HR is also favored by the presence of the histone variant
macroH2A (85). Interestingly, pericentromeric heterochroma-
tin is repaired mainly by HR in the G2 phase of the cell cycle,
whereas centromeric heterochromatins are repaired by both
HR and NHEJ (86). This difference further supports the con-
cept that the chromatin environment can influence DSB repair
pathway choice. The nuclear microenvironment of a DSB can
also influence choice of repair pathway. Site-specific DSBs
induced at the nuclear periphery are repaired by end-joining
pathways in preference to HR (87).

Regulation of A-EJ and SSA

Relative to the choice between HR and end-joining mecha-
nisms in general, there has been less research on mechanisms
regulating how A-EJ and SSA are regulated. Both of these path-
ways are dependent on some level of DSB resection, so factors
promoting resection are likely to increase the rate of A-EJ and
SSA relative to C-NHEJ. The absence of a sister chromatid for
HR in the G1 phase of the cell cycle is likely to favor A-EJ and
SSA for repair of resected DSBs in G1 (88). Using an RNAi
screen, Howard et al. (89) identified 13 repair factors that pro-
mote A-EJ versus other end-joining events. These factors
include CtIP and members of the Fanconi anemia family. Sev-
eral of these factors are also involved in mediating HR and SSA.
The RECQ helicase, WRN, was shown to regulate the choice
between C-NHEJ and A-EJ by “shielding” DSBs from the resec-
tion activity of CtIP-MRE11 (90). This “shielding” effect of
WRN appears to be independent of its helicase activity. The
DNA polymerase Pol �, which is frequently overexpressed in
HR-deficient tumor cells, has emerged as a key regulator of

A-EJ versus other pathways for the repair of DSBs (76, 91–94).
The helicase domain of Pol � appears to restrict HR and pro-
mote A-EJ by removing RPA from resected DNA ends (95).
53BP1 has been shown to act as an important suppressor of
A-EJ in B cells (96). This effect of 53BP1 seems to stem from its
ability to suppress resection of DSBs. Reduced resection of
DSBs by 53BP1 also impacts the choice between A-EJ and SSA.
When 53BP1 is absent or present in a limited amount, resection
of DSBs is so great as to exhaust the available cellular stock of
RAD51 (97). Under these conditions, RAD52-mediated SSA
takes over from RAD51-mediated HR. 53BP1 therefore acts
to “foster” the more “faithful” pathways of DNA repair, i.e.
C-NHEJ and HR instead of A-EJ and SSA. A further determi-
nant of the choice of HR versus SSA depends on the interaction
of BRCA1 and PALB2. Mutations in either of these factors that
prevent their normal association increase the use of SSA for
repair of resected DSBs at the expense of HR (98).

Perspective

Recent years have brought a great deal of new knowledge
about cellular activities that regulate the choice of the DSB
repair pathway in mammalian cells. In many cases, however,
the exact mechanism by which these factors work is not clear.
Future work will hopefully test the relative importance of dif-
ferent regulatory mechanisms and measure to what extent they
are relevant in cells of different lineages and disease states. The
hope is that with greater knowledge of how DNA repair is reg-
ulated, we will identify approaches to selectively disrupt certain
repair pathways to reduce the frequency of mutations that lead
to malignant cell growth or to kill cancer cells that become
dependent on one particular repair pathway.
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Figure 4. Chromatin and nuclear positioning contribute to DSB repair pathway choice. H3K36Me3 and acetylated histones are present in transcription-
ally-active regions. These marks promote use of HR for repair of DSBs by LEDGF-mediated recruitment of CtIP and ZMYND8-mediated recruitment of the NuRD
complex, which remodels nucleosomes. The presence of macro-H2A also correlates with increased use of HR. Heterochromatic regions of the genome,
particularly pericentromeric heterochromatin, are preferentially repaired by HR. Conversely, DSBs that occur near the nuclear periphery show increased repair
by NHEJ. See text for details.
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Nonhomologous DNA end-joining (NHEJ) is the predomi-
nant double-strand break (DSB) repair pathway throughout
the cell cycle and accounts for nearly all DSB repair outside of
the S and G2 phases. NHEJ relies on Ku to thread onto DNA
termini and thereby improve the affinity of the NHEJ enzy-
matic components consisting of polymerases (Pol � and Pol
�), a nuclease (the Artemis�DNA-PKcs complex), and a ligase
(XLF�XRCC4�Lig4 complex). Each of the enzymatic components
is distinctive for its versatility in acting on diverse incompatible
DNA end configurations coupled with a flexibility in loading
order, resulting in many possible junctional outcomes from one
DSB. DNA ends can either be directly ligated or, if the ends
are incompatible, processed until a ligatable configuration is
achieved that is often stabilized by up to 4 bp of terminal
microhomology. Processing of DNA ends results in nucleotide
loss or addition, explaining why DSBs repaired by NHEJ are
rarely restored to their original DNA sequence. Thus, NHEJ is a
single pathway with multiple enzymes at its disposal to repair
DSBs, resulting in a diversity of repair outcomes.

Eukaryotic cells have evolved to repair multiple forms of
DNA damage to maintain a high level of fidelity between cell
divisions. Among types of damage, DNA double-strand breaks
(DSBs)3 are particularly detrimental as they can result in inser-
tions, deletions, or chromosomal translocations that are the
primary transforming step in many human cancers. Pathologi-
cal DSBs can arise from both exogenous (e.g. ionizing radiation
or reactive oxygen species) or endogenous (e.g. DNA replica-
tion errors or incidental action by nuclear enzymes) sources. In

some cases, DSBs are required as part of a physiological process,
such as the breaks that occur during V(D)J recombination and
immunoglobulin heavy chain (IgH) class switch recombination
(1). Both pathological and physiological DSBs require efficient
processes for repair that result in minimal to no change to the
broken chromosome. Repair mechanisms can be largely di-
vided between those that use extensive homology from a
sister chromatid or homologous sequence elsewhere in the
genome and those that use little to no homology. Both mecha-
nisms require end processing by nucleases, utilization of DNA
polymerases, and a final ligation step to complete repair of
the broken DNA (Fig. 1). Nonhomologous DNA end-joining
(NHEJ) was originally a phrase used to describe a type of illegit-
imate repair that utilizes little to no long homology (2) (we feel
it unnecessary to include the word “canonical” or use the term
“c-NHEJ” as we consider NHEJ a stand-alone pathway that does
not need to be described in reference to separate alternative
end-joining pathways that have their own distinct compo-
nents). “Nonhomologous” could be misinterpreted as meaning
completely homology-independent by a newcomer to the field,
but up to 4 bp of microhomology during repair is common for
NHEJ, and the term is simply meant to contrast with “homo-
logous” recombination (HR), which can use several hundred
base pairs of homology as a template for high-fidelity repair. In
NHEJ, the DSB is first recognized by a heterodimer consisting
of Ku70 and Ku80 (Ku). The DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) has a high affinity for DNA ends,
which is even tighter when Ku is bound to that end (3). The
nuclease, Artemis, exists in tight complex with DNA-PKcs
within the cell and is likely recruited along with DNA-PKcs (4).
Nucleotide addition can occur by the Pol X family polymerases,
Pol � and Pol �. Finally, the DNA ligase IV complex, including
XRCC4, XLF, and perhaps PAXX, carries out the critical liga-
tion step for either strand of the DSB.

Importantly, NHEJ is an iterative process, where each of the
DNA ends involved in the break can be acted upon by these
components multiple times and in a different order (Fig. S1).
Other important factors that dictate repair are the differential
requirements for the various NHEJ proteins depending on the
configuration of the DNA ends, which can include blunt ends,
5� or 3� overhangs, or ends containing adducts refractory to
processing or ligation. Recent work has begun to systematically
examine how various DNA end configurations are processed
differently (5, 6). We briefly mention how NHEJ relates to the
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other pathways of double-strand break repair, but our major
focus is the NHEJ process. Therefore, readers are directed to
the other works in this Thematic Minireview series for a
detailed explanation of other DSB repair mechanisms.

Overview of NHEJ in humans and its relationship with
other pathways of double-strand break repair

In human cells, NHEJ appears to repair nearly all DSBs out-
side of S and G2 cell cycle phases and even about 80% of DSBs
within S and G2 that are not proximal to a replication fork (Fig.
1) (7). In late S and G2, HR is another major pathway for DSB
repair, relying on more extensive homology tracts as a template
for repair (8). When NHEJ is compromised due to the absence
of one or more key protein components, the activities of other
DNA end-joining pathways that typically involve more exten-
sive end resection become apparent. Greater levels of 5� end
resection expose homologous sequences embedded on either
side of a DSB, allowing for stable annealing of 3� single-stranded
DNA (ssDNA) that promotes more efficient joining and liga-
tion (9). Although NHEJ usually requires �4 bp of microhomo-
logy, the alternative end-joining (a-EJ) pathway (also known as
Pol �-mediated end-joining or microhomology-mediated end-
joining) (Fig. 1) (10), which utilizes the additional factors of
poly(ADP-ribose)polymeraseandDNAPol�,requiresmicroho-
mology that ranges between 2 and 20 bp. Although NHEJ dom-
inates DSB repair in most mammalian somatic cells, Pol �-me-

diated events appear at an observable frequency in certain cell
types (11), for certain repair events (12), and in some organisms
(13). Greater levels of resection can further promote the non-
conservative homology-directed repair pathway of single-
strand annealing (SSA) that requires �25 bp of homology (Fig.
1) (14 –17). Therefore, the mechanisms of NHEJ and HR occur
on opposite ends of a spectrum with respect to homology usage
with a-EJ and SSA occurring between them on a gradient of
increasing levels of DNA end resection and homology usage
(6).

A key reason for the dominance of NHEJ is that extensive
DNA end resection is prevented by Ku binding (18), and the
tight affinity and high abundance of Ku in cells increases the
likelihood that Ku is the first protein to bind at a broken DNA
end (6) (Fig. 1). A small protein called CYREN (cell cycle regu-
lator of NHEJ (69 aa); also called MRI-2, a sub-peptide of
C7orf49 (157 aa)) has been proposed to affect Ku DNA binding
(not specified how) and thus favor the HR pathway choice in
S/G2 (19), although the data on CYREN effects on Ku binding
are conflicting (20). Signaling factors appear to be important in
controlling resection, as there is evidence that the DNA dam-
age-response protein p53-binding protein 1 (53BP1) is antago-
nistic to end resection, acting through a number of effector
proteins (21, 22). 53BP1 and mediator of DNA damage check-
point protein 1 (MDC1) are recruited to DSBs through a num-

Figure 1. NHEJ in the context of other double-strand break repair pathways. DNA double-strand breaks (DSBs) can be repaired by NHEJ, alternative
end-joining (a-EJ), single-strand annealing (SSA), or homologous recombination (HR). Pathway choice and pathways other than NHEJ are discussed in other
Minireviews in this thematic series. The name NHEJ originally arose to distinguish it from repair that requires extensive DNA homology (i.e. HR and SSA).
Lengths of terminal microhomology (MH) between 1 and 4 bp are common in NHEJ. a-EJ is also called microhomology-mediated end joining (MMEJ) or Pol
�-mediated end joining (TMEJ). The major difference in the pathways is the requirement for significant DNA end resection. The p53-binding protein 1 (53BP1)
is a chromatin remodeler and a positive regulator for NHEJ. Although Artemis�DNA-PKcs can carry out some nucleolytic resection (typically �20 nt), the NHEJ
pathway does not require extensive end resection, and the ends are protected from deeper resection by the binding of the Ku heterodimer (Ku70 – 80) to the
DNA ends. By contrast, the C-terminal binding protein-interacting protein (CtIP) and the MRN (MRE11 (meiotic recombination 11)�RAD50�NBS1 (Nijmegen
breakage syndrome protein 1)) complexes are involved in extensive 5� to 3� resection of regions of the duplex, and this generates stretches of ssDNA at DNA
ends for a-EJ, SSA, and HR. SSA typically requires �25 bp of microhomology, whereas the requirement for a-EJ is typically �20 bp. Poly(ADP-ribose) polymerase
1 (PARP1) and Pol � are important for a-EJ. Bloom syndrome RecQ-like helicase (BLM) and exonuclease 1 (EXO1) account for additional resection, and replication
protein A (RPA) binds to ssDNA to promote the SSA and HR pathways. RAD52-mediated annealing of homologous sequence is key for the SSA pathway.
XPF-ERCC1 cuts the remaining 3� nonhomologous ssDNA prior to ligation by DNA ligase 1. By contrast, RAD51-mediated strand exchange with its association
with BRCA1, BRCA2, and RAD54 is essential for facilitating the HR pathway.
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ber of modified histone residues and appear to have distinct
roles in DSB repair (8, 23, 24). Further work is required to elu-
cidate specifically how 53BP1 recruitment inhibits extensive
end resection. Overcoming this barrier to resection, however, is
the first step to enable either a-EJ or SSA.

Following commitment to NHEJ, the nuclease, polymerase,
and ligase components act on the DNA ends until repair is
complete. Pathway commitment likely is not final until the
strands of the break site are ligated, and if the DSB remains
unrepaired, the repeated processing of ends may shift repair to
another pathway. Below we provide a brief overview of the
types of proteins that are involved in NHEJ and their functions,
which applies to nearly all vertebrates.

The nucleases of NHEJ

Direct ligation of broken DNA ends is often impeded due to
end incompatibility caused by mismatching overhangs or
chemical modifications (Fig. 1). Therefore, following commit-
ment to NHEJ, nucleases are required to process mismatched
or modified ends to prepare them for ligation. This typically
involves removing short regions of the 5� or 3� overhangs by
either exonucleolytic or endonucleolytic processing to expose
short regions of microhomology (�4 nt) between the strands
that can facilitate end joining. Extensive end resection (�20 nt),
which occurs to initiate HR or SSA pathways, is prevented by
the presence of Ku, distinguishing the end processing of NHEJ
from other DSB repair pathways. When DNA resection is
required for NHEJ, DNA-PKcs is recruited in complex with the
nuclease Artemis to Ku-bound DNA ends. DNA-PKcs under-
goes autophosphorylation and activates Artemis (25, 26). Arte-
mis then gains the ability to cut DNA ends at single-strand–to–
double-strand DNA (ss– dsDNA) boundaries, which includes
all overhangs and other structures such as gaps, loops, and bub-
bles that may arise due to mismatches between the two DNA
ends being joined (27, 28).

Artemis is a member of the metallo-�-lactamase family of
nucleases, containing the conserved metallo-�-lactamase and
�-CASP domains. This family of nucleases has the ability to
hydrolyze DNA or RNA in various configurations (29). In addi-
tion to an intrinsic 5� exonuclease activity on ssDNA that does
not require DNA-PKcs (30, 31), Artemis possesses a DNA–
PKcs-dependent endonuclease activity on both 5� and 3� DNA
overhangs of duplex DNA. Such overhangs often result due
to pathological DSBs where breaks on opposite DNA strands
occur in very close proximity. Also, Artemis endonuclease
activity is essential for the hairpin opening step during V(D)J
recombination (following cleavage by recombination activation
genes, RAG1 and RAG2), and patients lacking Artemis suffer
from severe combined immunodeficiency because of a V(D)J
recombination defect in antigen receptor gene assembly (4, 32).

DNA-PKcs interacts with the C terminus of Ku80, which is
highly dynamic and flexible (Fig. 2A). The final 12 amino acids
of Ku80 are sufficient for interacting with DNA-PKcs (33, 34),
but Ku�DNA-PKcs complex formation is very weak unless Ku is
bound to a DNA end. The presence of Ku on DNA increases the
binding affinity of DNA-PKcs for DNA ends by 100-fold (35).
Following binding to the DNA end, DNA-PKcs autophos-
phorylates, thus activating the endonuclease activity of Arte-

mis (4). This likely occurs when autophosphorylated DNA-
PKcs phosphorylates the C-terminal inhibitory region of
Artemis (aa 454 – 458), promoting the dissociation of the
inhibitory region from the N-terminal catalytic domain (aa
1–7) (Fig. 2B) (25, 36).

It has been estimated that 20 –50% of ionizing radiation-in-
duced DSBs require Artemis for repair (37, 38). One possibility
is that the remaining DSBs can be joined without the need of
any nuclease (Fig. S2), but considering the number of nucleases
present in the cell, it seems likely that other nucleases could be
employed at incompatible ends, especially when Artemis is not
present. Among those suggested to be involved in DSB repair
include APLF, which is an abbreviation for Aprataxin and
PNKP-like factor (also known as PALF) (39 –41), flap structure-
specific endonuclease 1 (FEN1), DNA replication helicase/nu-
clease 2 (DNA2), and exonuclease 1 (EXO1). In addition to
nucleases, the Werner syndrome ATP-dependent helicase/nu-
clease (WRN) and the Bloom syndrome RecQ-like helicase
(BLM) may also be involved in processing of DSB ends by cre-
ating a cleavage substrate for several of the aforementioned
nucleases (42–44).

Another possible factor is the MRN complex (consisting of
MRE11, RAD50, and NBS1), which is important for the resec-
tion step of the HR and SSA pathways to generate extensive
3�-terminated ssDNA overhangs. The intrinsic 3�35� exonu-
clease activity of the MRE11 component cannot generate these
3�-terminated overhangs by acting directly at a DNA end and
relies on the C-terminal-binding protein interacting protein
(CtIP) to stimulate MRN endonuclease activity to incise distal
from the break. Next, the 3� exonuclease activity can degrade
DNA from the incision back toward the DNA end, thus creating
the 3�-terminated ssDNA overhangs that can further undergo
long range resection (e.g. by EXO1 or DNA2-BLM) (45, 46).
This processing may have implications for the binding of Ku to
DNA ends because MRE11 endonuclease activity occurs
upstream of the Ku-bound DNA end.

CtIP is an important regulator of end processing as it not only
stimulates MRN but also the long range resection by BLM and
DNA2 (44). Importantly, CtIP is phosphorylated and active in S
and G2 (47), indicating that cell cycle is another factor that
dictates nuclease involvement. Furthermore, the abundance
and localization of these nucleases at DSB sites will determine
which nucleases are responsible for the most resection at DSBs.
Because Artemis is recruited to breaks by DNA-PKcs at the
early stages of NHEJ, and because only limited resection occurs,
Artemis appears to the primary nuclease for most NHEJ repair
events (27).

The polymerases of NHEJ

Members of the Pol X family of polymerases participate in
DSB repair by NHEJ. DNA Pol � and Pol � are the two members
involved in NHEJ in the majority of human cells (48, 49). Each
of these polymerases has an N-terminal BRCA1 C terminus
(BRCT) domain that allows them to interact with Ku (Fig. 2)
(50). Primary cells derived from mice with genetic knockouts of
both Pol � and Pol � exhibit little or no sensitivity to ionizing
radiation, although knockouts in cell lines can have some deficit
in DSB repair in some assays (51, 52). Pol � and Pol � can
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incorporate both dNTPs and rNTPs (48, 49), with any incorpo-
rated ribonucleotides subsequently removed by base excision
repair (53). Importantly, both Pol � and Pol � can incorporate
nucleotides in a template-dependent or template-independent
manner (51), although template-independent insertion by Pol
� appears stronger than that of Pol � (54, 55). Both of these
polymerases appear to be able to use an unstable primer-tem-

plate junction, such as would exist during intermediate stages
of NHEJ. The activity of these polymerases further explains the
high level of diversity that can occur at NHEJ junctions and
demonstrates that although resection is one way of generating
short stretches of homology between broken DNA ends,
template-independent nucleotide addition of one or both bro-
ken DNA ends is another.

Figure 2. Nonhomologous end-joining proteins and their known interactions. A, nonhomologous end-joining (NHEJ) DNA-dependent protein kinase
(DNA-PK) complex consists of a heterodimer of Ku70 and Ku80 plus DNA-PKcs (catalytic subunit). Ku70 and Ku80 consist of von Willebrand (vWA) domains, the
Ku core, and the nuclear localization sequence (NLS). Ku70 also contains a SAF-A/B, Acinus, and PIAS (SAP) domain. DNA-PKcs consists of an N-terminal domain
with PQR and ABCDE autophosphorylation clusters implicated in its activation, FAT (FRAP, ATM, TRRAP) domain, followed by the phosphatidylinositol 3-kinase
(PI3K) domain, and the FAT-C (C-terminal) domain. B, NHEJ nucleases consist of Artemis and APLF (abbreviation for Aprataxin and PNKP-like factor). Artemis has
a catalytic �-lactamase domain, a cleavage and polyadenylation specificity factor (�-CASP) domain, and a disordered C terminus. Amino acids (aa) 454 – 458
bind aa 1–7 to auto-inhibit Artemis activity (119). APLF consists of a forkhead-associated (FHA) domain, middle (MID) domain, and the poly(ADP-ribose)-
binding zinc finger (PBZ) domain (73, 120 –122). C, polymerases involved in NHEJ are Pol �, Pol �, and terminal deoxynucleotidyltransferase (TdT). They consist
of a breast cancer C terminus (BRCT) domain, a lyase domain, and a nucleotidyltransferase domain. D, DNA ligase complex consists of DNA ligase IV, X-ray repair
cross-complementing 4 (XRCC4), XRCC4-like factor (XLF), and paralog of XRCC4 and XLF (PAXX). DNA ligase IV consists of an N-terminal DNA-binding domain,
a catalytic core, and an XRCC4 interaction domain (XID) flanked by the BRCT I and II domains. XRCC4, XLF, and PAXX are structurally similar with an N-terminal
head domain, helical domain, and C terminus. Protein domains are in blue and linker regions in gray.
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DNA polymerase � (Pol �) is another member of the Pol X
family, but it lacks a BRCT domain (56), which is a likely reason
why it is not involved in NHEJ. The final known member of the
Pol X family is terminal deoxynucleotidyltransferase (TdT).
TdT is only expressed in early B- and T-lymphocytes, making it
most relevant to the NHEJ repair that occurs during V(D)J
recombination, where it has a major role in promoting immu-
noglobulin diversity. DNA polymerases outside the Pol X fam-
ily are able to incorporate nucleotides during NHEJ, but only in
a template-dependent manner (16, 17, 57–59).

The ligase complex of NHEJ

DNA ligase IV (Lig4) functions exclusively in NHEJ, making
it a central component of the repair process. Lig4 acts in com-
plex with the X-ray repair cross-complementing 4 (XRCC4)
enzyme (9), which stimulates Lig4 enzyme activity in biochem-
ical assays (60). Loss of either Lig4 or XRCC4 severely compro-
mises NHEJ. Several other factors have also been implicated for
efficient ligation. A screen for XRCC4-interacting factors
yielded the XRCC4-like factor (XLF; also known as Cernun-
nos), a 33-kDa protein with weak sequence homology and
structural similarity to XRCC4 (61–63). The N-terminal head
domain of XLF interacts with the N-terminal head domain of
XRCC4 (62) allowing XLF to complex with XRCC4�Lig4 (Fig.
2). This interaction would presumably stabilize the juxtaposi-
tion of the DNA ends prior to covalent ligation, but this is still
an area of active investigation. Another protein found to have
structural similarity to XRCC4 is the 22-kDa protein PAXX
(paralog of XRCC4 and XLF) (64, 65). The C terminus of PAXX
(aa 199 –201) interacts with Ku, and similar to XLF mutants,
PAXX mutants are more sensitive to ionizing radiation and
DSB-inducing agents (Fig. 2) (64, 66, 67).

Accessory proteins of NHEJ: Tyrosyl DNA
phosphodiesterase 1, polynucleotide kinase, and
aprataxin

Although the above proteins can carry out a majority of the
NHEJ reactions, some circumstances require the activity of
other proteins to chemically modify DNA ends to make them
suitable for repair. For example, tyrosyl DNA phosphodiester-
ase 1 (TDP1) is the only identified enzyme that can specifically
process the 3�-phosphoglycolates (3�-PG) that can form as a
by-product of up to 10% of ionizing radiation-induced DSBs
(68, 69). Ends with 3�-PG adducts are unligatable and must be
removed for NHEJ to proceed.

Polynucleotide kinase (PNK) and aprataxin are two more fac-
tors that may be enlisted in DSB repair by NHEJ. Human PNK
possesses both kinase and phosphatase activity. Phosphoryla-
tion by PNK is necessary when a 5� end lacks a phosphate group,
and the phosphatase activity is important for removing 3� phos-
phates that can arise following some types of oxidative damage
(70). Aprataxin is employed when Lig4 initiates but does not
complete a covalent join, resulting in an aborted ligation prod-
uct where the AMP group remains covalently bound to the 5�
strand of one of the DNA ends. In this case, the deadenylation
reaction catalyzed by aprataxin is required to remove the AMP
group (71). Following phosphorylation of XRCC4 by CK2, both
PNK and aprataxin can bind to XRCC4 via their forkhead-as-

sociated domain (72). Therefore, although PNK and aprataxin
may not initially localize to the DSB site, they can be recruited if
necessary. This may occur if the DSB remains unrepaired after
a certain length of time, indicating that the first set of NHEJ
proteins that responded to the site were unable to complete
repair.

Optimal NHEJ component utilization is influenced by
DNA end configuration

NHEJ is a single pathway, but the DNA end configurations at
a given DSB determine which NHEJ components are most
important for efficient ligation. In other words, NHEJ has sev-
eral enzymes at its disposal, but it does not need to engage all of
them unless presented with certain DNA end configurations
(5). Even the core NHEJ components may load and act in vari-
ous combinations, highlighting the flexibility of NHEJ and
explaining the diversity of repair products generated for the
very same DSB configuration and DNA end sequence. This
model is supported by many structural and biochemical studies
demonstrating the different routes DNA end processing can
take to reach a ligatable joint (Fig. 3). The stability of this ligat-
able joint is greatly enhanced when base pairing of ssDNA from
either side of the break can occur via microhomology, although
for NHEJ this microhomology need not be extensive, as even a
single base pairing (even a non-Watson-Crick base pairing) will
increase the stability enough to improve ligation efficiency a
few fold over what is observed for NHEJ at blunt ends (74). In
some cases, simple breathing of the DNA ends that exposes a
complementary base pair between two broken ends may be
adequate for repair, whereas in other cases more extensive
processing by nucleases and polymerases may be required
(16, 17).

The iterative nature of NHEJ means that multiple compo-
nents can act on a single DSB during multiple rounds of pro-
cessing (Fig. 3). Nucleases can remove nucleotides from a DNA
end, with Pol � subsequently adding nucleotides to that very
same DNA end. Similarly, XRCC4�Lig4 can successfully ligate
one DNA strand of a DSB only to have Artemis�DNA-PKcs
reverse this by cleaving the newly ligated strand at the DNA gap
generated by the ligation. Therefore, use of one set of compo-
nents is not mutually exclusive to the use of other components,
and all are active and in play as long as a DSB remains incom-
pletely repaired.

Blunt-end ligation by Ku-XRCC4�Lig4

Biochemical studies have demonstrated that Ku is required
for the efficient joining of blunt DNA ends lacking microhomo-
logy by NHEJ. When a ligatable joint is formed using exposed
microhomology, however, Ku may not be necessary, indicating
that Ku becomes less important as ends are able to form a ther-
modynamically stable joint through terminal base pairing (55).
Ku is highly abundant in cells and has a high affinity for DNA
ends (KD � 6 � 10�10 M), allowing it to quickly respond to a
break and promote the binding of XRCC4�Lig4 to the DNA
ends (75). The C terminus of Lig4 contains two BRCT domains
that allow it to bind to two Ku complexes, conceivably one
attached to each of the DSB ends (76). The region between
these two BRCT domains of Lig4 carries the interaction domain
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that binds a homodimer of XRCC4 (Fig. 2D) where the 2 to 1
ratio of XRCC4 to Lig4 further stabilizes the bridging between
the two DNA ends (77–79). The further activity of DNA-PKcs,
Artemis, or Pol � is not required, as efficient ligation is achieved
with the Ku-XRCC4�Lig4 complex alone in reconstitution
assays using human proteins (80). Therefore, at least for blunt
DNA ends, direct ligation is preferred over extensive pro-
cessing. This contrasts with results from Saccharomyces cerevi-
siae where blunt end ligation was found to be inefficient (81,
82), but this may be due to greater DNA end resection that
occurs prior to repair by HR, which is the more dominant repair
mechanism in yeast.

Previous cryo-EM studies have shown interaction between
two DNA-PK complexes (83). The recent 4.3 Å crystal struc-
ture of DNA-PKcs also raises the possibility that dimerization
of DNA-PKcs contributes to bridging of DNA ends (84); how-
ever, this particular observation of a dimeric arrangement may
be due to crystal packing. DNA is not present in this crystal
structure; thus one can only speculate about this interaction.
The ligation of ends with only Ku and XRCC4�Lig4 provides
biochemical evidence that DNA end-bridging is not reliant on
DNA-PKcs or NHEJ factors other than Ku and XRCC4�Lig4 (5).
It is clear that the joining of the blunt ends (signal ends) during
V(D)J recombination also does not require any NHEJ proteins
other than Ku and XRCC4�Lig4 (9), and this is consistent with
the biochemistry of blunt end ligation.

The nucleases of NHEJ can process multiple DNA end
configurations

Artemis has been implicated as the major nuclease involved
in NHEJ when such activity is required. Although the role Arte-
mis plays in DNA hairpin opening during V(D)J recombination
is well-characterized, its role in NHEJ is now beginning to be
understood. Recent biochemical studies have revealed that the
ligation of incompatible overhangs is strongly stimulated in the
presence of the Artemis�DNA-PKcs complex. Therefore, Arte-
mis is recruited to process various DNA overhangs at broken
DNA ends to promote formation of a stable ligatable joint.
This makes sense when one considers that DNA hairpins are
structurally similar to DNA overhangs, due to a sterically-
constrained hairpin tip that results in only transient base
pairing of the terminal base pairs (4 nt), thus creating a
ss– dsDNA boundary (85). This ability of Artemis to act at
ss– dsDNA boundaries gives it the flexibility to process a num-
ber of DNA end configurations.

The endonuclease activity of the Artemis�DNA-PKcs com-
plex can remove both 5� and 3� DNA overhangs to create DNA
end structures that can be ligated by the XRCC4�Lig4 complex
(50, 86) (Fig. 3). At 5� overhangs, Artemis cuts directly at the
ss– dsDNA boundary, but when processing 3� overhangs and
DNA hairpins, Artemis preferentially leaves a 4-nt 3� overhang.
Long 5� and 3� overhangs can also be endonucleolytically pro-

Figure 3. DNA ends undergo iterative processing during NHEJ. NHEJ is single pathway with multiple components available to process the diversity of DNA
end configurations at any given DSB. The first major step following formation of either a pathological or physiological DSB is binding of the Ku70�Ku80 complex
(Ku) to protect DNA ends. The Ku�DNA complex is able to efficiently bind and thereby recruit other NHEJ components. An iterative processing occurs to make
the two broken DNA ends optimal for ligation. Several types of processing performed by the Artemis�DNA-PKcs complex or DNA polymerases are shown in the
white boxes along the large green circle. It would be difficult to represent all the possible DNA end configurations and every type of enzymatic processing in one
figure; therefore, this depiction is not meant to be comprehensive but is merely to highlight some of the possibilities with the key components for each process
indicated in parentheses. Any of these processes can occur to either end of a break in any order and multiple times. Once XRCC4�Lig4 is able to successfully ligate
across a break, an intermediate with one strand ligated can form. Ligation of the second strand will complete repair. Alternatively, the gapped intermediate
generated by ligating one strand has two ss– dsDNA boundaries, and Artemis�DNA-PKcs can cut at either boundary to generate a new DSB, thereby returning
the ends to the iterative processing step where they can undergo further alterations.
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cessed by Artemis, and this may be useful to make microhomo-
logy embedded within the overhang available for annealing to
create a stable ligatable joint (5). These observations suggest a
model in which Artemis�DNA-PKcs binds to the ss– dsDNA
boundary to occupy 4 nts along the single-stranded segment at
the boundary followed by nicking on the 3� side of the 4 nts (27).

In addition to overhangs, evidence also shows that when
blunt DNA ends breathe between a closed, fully hydrogen-
bonded state to an open, partially hydrogen-bonded state, they
form ss– dsDNA boundaries upon which Artemis can act (27).
Repair of such ends is relevant as blunt DNA ends may be gen-
erated by chemotherapeutic agents, reactive oxygen species, or
ionizing radiation (87). Furthermore, breathing allows the
Artemis�DNA-PKcs complex to resect into the duplex to gen-
erate short overhangs that can form microhomology (5),
explaining why even NHEJ of blunt ends can display nucleotide
loss at repair junctions. Still, the fact that Artemis�DNA-PKcs
does not strongly stimulate the ligation of blunt-ended DNA
suggests that even though Artemis�DNA-PKcs is able to resect
at blunt ends, these ends are usually joined directly without
resection (5, 27).

The versatility of Artemis to act at many different types of
ends leads to a unifying model explaining the essential struc-
tural features of all DNA substrates at which Artemis functions.
Although it may appear that Artemis has the ability to recog-
nize a number of different structures, in fact it is one structure,
an ss– dsDNA boundary, that is recognized in a variety of dif-
ferent forms. 5� and 3� overhangs, hairpins, and blunt ends in an
open state all have potential regions of ss– dsDNA that can act
as contact points for Artemis (28). The Artemis active site can
then act within the single-stranded portion of the overhang or
the hairpin to achieve hydrolysis of the phosphodiester back-
bone. Although this model must await the elucidation of a
DNA-Artemis structure, it explains the diversity of cutting pat-
terns of Artemis.

Besides the role in processing DNA overhangs, Artemis
appears to be necessary for removing damaged DNA from bro-
ken ends (Fig. 3). When ionizing radiation-induced DSBs bear a
3�-PG terminus (88 –90), for example, these DNA ends are
unable to undergo ligation because this step requires a 3�-hy-
droxyl on one end and a 5�-phosphate on the other. TDP1 is
able to remove these 3� modifications; however, TDP1 mutant
cells are only marginally radiosensitive compared with Artemis
mutants, and it has been demonstrated biochemically that the
Artemis�DNA-PKcs complex is able to process these ends (91,
92). This suggests that Artemis can work with or in place of
TDP1 to repair the large number of DSBs that can occur follow-
ing radiation exposure.

The finding that the C-terminal region of Artemis (aa 485–
495) interacts with the N-terminal head domain of Lig4 (Fig.
2B) (93–95) adds a further dimension to the role Artemis may
play in NHEJ. Although the DNA-PKcs–independent 5� exo-
nuclease activity has been described, recent data show that
Artemis has a DNA-PKcs–independent 3� endonuclease activ-
ity stimulated by XRCC4�Lig4 (96). The interaction between
Lig4 and the C-terminal regulatory region of Artemis may
recruit Artemis and alter the protein conformation, permitting
endonuclease activity without the need for activation by DNA-

PKcs. In addition to its crucial role in ligating a stable joint
intermediate, the extreme radiosensitivity of Lig4 mutants may
be due to its ability to stimulate or recruit various NHEJ com-
ponents to a DSB.

The DNA polymerases of NHEJ work to create a stable
ligatable joint

DNA polymerases can serve two important roles in NHEJ:
fill-in synthesis of gaps and nucleotide addition to broken DNA
ends. Both processes can enhance formation of a stable inter-
mediate for ligation by XRCC4�Lig4. The DNA polymerases Pol
� and Pol � are recruited to the DNA end by interaction of their
N-terminal BRCT domain with the Ku�DNA complex (Fig. 2C)
(50). Pol � primarily adds nucleotides in a template-indepen-
dent manner, whereas Pol � primarily has template-dependent
polymerase activity, although limited template-independent
activity has been reported (54). Pol �, and also TdT, carries a
protein domain, loop 1, that affects association with a DNA
template through hydrogen bonding and allows for template-
independent nucleotide addition (56, 97).

The template-dependent activity of Pol � is mostly required
when long ssDNA ends are annealed with terminal microho-
mology, leaving a gap. Fill-in synthesis of this gap will further
stabilize the annealed intermediate and promote the ligation
(52, 55). When the 3� overhangs are mismatched and therefore
unable to form an annealed intermediate, Pol � has little effect
on NHEJ because there is no DNA template to act upon (5).

Pol � strongly promotes the ligation of incompatible 3� over-
hangs in reactions containing only the Ku-XRCC4�DNA ligase
4 complex (55). By adding nucleotides to the ends of these over-
hangs in both template-dependent and template-independent
mechanisms, Pol � generates regions of microhomology for
subsequent annealing and ligation (55). Nucleotide addition
can occur on 3� overhangs as short as 1 to 2 nts (52). In bio-
chemical reactions containing Artemis, the joining of two mis-
matched 3� overhangs is strongly stimulated by Pol �, promot-
ing the formation of terminal microhomology with limited
processing by Artemis (Fig. 3) (5). Interestingly, sequencing of
NHEJ junctions reveals that if the ends are compatible, meaning
they already share microhomology, nucleotide addition by Pol
� does not occur or is limited (5). This illustrates once again
that ends capable of forming a thermodynamically stable inter-
mediate are ligated efficiently without having to recruit addi-
tional factors.

XLF and PAXX stimulate ligation by the XRCC4�Lig4
complex

XLF and PAXX are the most recently characterized NHEJ
factors shown to support ligation by the Lig4 complex. Both
XLF and PAXX share structural similarity with XRCC4 (62, 64).
Individual XLF and PAXX mutants display only a mild pheno-
type, but XLF PAXX double mutants are synthetically lethal in
mice and reduce V(D)J recombination in human B-lympho-
cytes (98 –101), suggesting that although they may be redun-
dant, at least one is necessary for efficient repair by NHEJ. The
main purpose of XLF and PAXX appears to be in providing
additional structural support to stabilize two DNA ends,
thereby enhancing the ability of XRCC4�Lig4. This likely occurs
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in a subset of NHEJ repair reactions where the two broken ends
are incompatible and lack the thermodynamic stability pro-
vided by annealed microhomology.

Homodimers of XLF bind directly to XRCC4 via an N-termi-
nal head domain (102). This head domain also allows XLF to
interact with the Ku�DNA complex (103). In biochemical reac-
tions containing only Ku and the XRCC4�Lig4 complex, XLF
was shown to only stimulate the ligation of short, incompatible
3� overhangs (55). In another study, however, XLF was shown
to promote the ligation of all mismatched and noncohesive
overhangs in the presence of Ku, DNA-PKcs, and XRCC4�Lig4
(104). Although it is possible that DNA-PKcs could affect XLF
interactions, it is also possible that differences in the DNA sub-
strates used in each study affect the outcome because the study
involving DNA-PKcs used �3 kb of linearized plasmids and the
other used fragments of �70 bp. Although further study is
required to fully understand the major role of XLF in NHEJ, it
seems that XLF promotes annealing of at least some incompat-
ible substrates.

Genetic studies in mice complement these biochemical find-
ings as it was found that an XLF DNA-PKcs double knockout is

synthetically lethal. Interestingly, a Ku70 knockout rescues this
synthetic lethality (105). Similar to a study showing that a Ku80
deletion rescues the lethality of a Lig4 knockout (106), this
demonstrates that several NHEJ factors are epistatic to Ku. Loss
of both XLF and DNA-PKcs must severely impair the ability to
repair a DSB by NHEJ. Further genetic studies and analysis of
DSB repair junctions in these deficient mice will provide more
information as to the critical role of XLF.

Like XLF, PAXX also forms homodimers, and its C terminus
has been found to associate with Ku (Fig. 2D) (64, 65). In reac-
tions containing only Ku and the XRCC4�Lig4 complex, PAXX
was shown to promote the ligation of two blunt ends (64). In
some cases, XLF and PAXX may work together to stabilize
DNA ends. In reactions containing Ku, XRCC4�Lig4, and XLF,
PAXX promoted the ligation of a blunt end to a 3� overhang
(65). Interestingly, a more recent biochemical study showed
that if Artemis and Pol � are included, PAXX does not stimu-
late NHEJ for 3� overhangs, but it does for 5� overhangs (5),
indicating that the role of PAXX may be to stabilize substrates
that cannot generate microhomology by end processing or
nucleotide addition.

Figure 4. Structural aspects of NHEJ. Select reported three-dimensional structures of NHEJ components are shown. Protein structures are shown in ribbon
representation except for DNA-PKcs and an XRCC4�XLF filament, which are shown in surface representations. A, crystal structure of Ku70/80 heterodimer alone
at 2.7 Å (PDB code 1JEQ) is shown in the middle (109). Ku70 and Ku80 are shown in red and yellow, respectively. B, these toroidal Ku70/80 proteins bind to
broken dsDNA ends to form a Ku70/80�DNA complex (solved at 2.5 Å) (PDB code 1JEY) (109). C, crystal structure of DNA-PKcs at 4.3 Å is shown in the center (PDB
code 5LUQ) (84). The DNA-PKcs is color-coded as follows: N terminus (blue); circular cradle (green); head comprising FAT region (purple); kinase (yellow); FRB
(orange); FATC (light pink). D, DNA-PKcs binds the Ku70/80�DNA to form a DNA-PK complex. A 6.6-Å cryo-EM structure of DNA-PK holoenzyme is shown (PDB
code 5Y3R) (111). E, structure of Artemis has not been reported yet. F, crystal structure of the catalytic region of DNA ligase IV (DBD-NTD-OBD) in complex with
an Artemis fragment (aa 485– 495) was solved at 2.4 Å (PDB code 3W1B) (94). The Artemis fragment is shown in orange and interacts with the DNA-binding
domain (DBD), which is shown in violet. The nucleotidyltransferase domain (NTD) is shown in cyan. The catalytic lysine (Lys-273), which forms a covalent
AMP-lysine intermediate, is shown as a sphere, and a possible �PO4 is attached to the lysine. The OB-fold domain (OBD) is shown in blue. G, crystal structure of
the complex of XRCC4 homodimer and the BRCT repeats of ligase IV (Lig IV) at 2.4 Å is shown (PDB code 3II6) (107). Each XRCC4 molecule is shown in cyan and
green. Two BRCT domains are shown in red. H, crystal structure of XRCC4(1–224)�XLF(1–157) complex (both are homodimers) at 3.94 Å is shown (PDB code
3RWR) (110). The XRCC4 homodimer is shown in cyan and green. The XLF homodimer is shown in yellow and orange. I, this XRCC4�XLF complex can form
filaments, shown in the same color scheme at the left top corner, which might bridge DNA ends. J, crystal structure of PAXX homodimer at 3.45 Å is shown in cyan
and purple (PDB code 3WTF) (64). Note that Ku70/80 bound on the DNA end can recruit XRCC4�ligase IV complex, and Ku70/80 also directly interacts with and
recruits XLF and PAXX through their C termini. Also note that structures of the Pol X family polymerases are not shown here due to a space limitation. The figure
was created using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).
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Structural biology of NHEJ

There has been remarkable progress in determining progres-
sively higher resolution structures of some of the NHEJ pro-
teins or, at least, portions of them (Fig. 4) (48, 49, 64, 84, 94,
107–112). Readers should also refer to detailed reviews about
the structural aspects of the interactions of ligase IV with
XRCC4, XLF, and Artemis (113, 114). However, we still lack a
convincing comprehensive view of how the enzymatic compo-
nents are positioned at a single DNA end or at a pair of DNA
ends. We also do not know the relative position of each com-
ponent relative to most of the others in a large multiprotein
complex during NHEJ.

Recently, a cryo-EM structure of DNA-PK was reported at
6.6 Å by docking the available crystal structures of DNA-PKcs
(at 4.3 Å) (84) and Ku70/80�DNA complex (at 2.5 Å) (109). This
finally allowed positioning of DNA-PKcs relative to the Ku70/
80�DNA complex. However, statistics on the structural analysis
must be much improved, and the position of quite a number of
side chains of DNA-PKcs (�500 amino acids) is still question-
able (84, 111, 115). Moreover, we still do not know how the
C-terminal domain of Ku80 interacts with DNA-PKcs, and a
structure of Artemis has not yet been reported. Furthermore,
because some of the reported structures lack their C-terminal
portions (e.g. Ku, XRCC4, XLF, and PAXX), an understanding
on how these flexible regions work as full-length molecules will
be critical for understanding the function of these complexes
(64, 109 –111).

Higher order structures have also been proposed for some
NHEJ components. For example, the Lig4 complex, including
XRCC4, XLF, and sometimes PAXX, has been proposed to
form a sleeve around the DNA duplex (116 –118), but the pre-
cise geometry is still not clear. It will be interesting to determine
how such models will include Ku, DNA-PKcs, Artemis, and the
polymerases � and �.

In many ways, the major future questions will require increasing
reliance on structural insights.

Concluding comments

DNA DSBs are potentially lethal events that must be repaired
in a manner that does not compromise genome integrity. NHEJ
is the major pathway that repairs DSBs in mammalian cells.
DSBs can occur due to various pathological or physiological
events; however, the configuration of the DNA ends at breaks is
not uniform. Therefore, NHEJ must be highly flexible so that it
can deploy multiple enzymes to process the various types of
DNA ends it may encounter. Biochemical and genetic studies
have provided mechanistic insight into which NHEJ proteins
are utilized, depending on the DNA end configuration. Two
blunt DNA ends may only require Ku and XRCC4�Lig4 for join-
ing, whereas incompatible 3� ends may require processing by
Artemis�DNA-PKcs, and incompatible 5� ends may require
XLF or PAXX for additional structural support. Time is likely a
critical factor as the longer a break remains, the more acces-
sory NHEJ factors may be recruited to a break in an attempt
to repair it.

Many attempts have been made to subdivide the NHEJ path-
way based upon the diversity of joining products that occur.

However, this diversity of products highlights the flexibility of
the NHEJ pathway. Repair by NHEJ does not mean a precise
join because the activity of Artemis can lead to nucleotide loss,
and the activity of Pol � can lead to nucleotide gain. Also, the
term “nonhomologous” was not meant to imply a total lack of
homology usage in repair, as up to 4 nts of microhomology is
typical for NHEJ repair. Instead, it was only meant to distin-
guish NHEJ from HR, which can use several hundred base pairs
of homology during repair. Still, NHEJ is far from being com-
pletely understood, as evidenced by the discovery of new factors
(PAXX) and new activities of known factors (Artemis). Contin-
ued research in this area will help elucidate why NHEJ is the
dominant repair pathway in mammals and reveal more factors
that contribute to DSB repair.

Acknowledgment—We apologize for any work that we have
overlooked.
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Homologous recombination enables the cell to access and
copy intact DNA sequence information in trans, particularly to
repair DNA damage affecting both strands of the double helix.
Here, we discuss the DNA transactions and enzymatic activities
required for this elegantly orchestrated process in the context of
the repair of DNA double-strand breaks in somatic cells. This
includes homology search, DNA strand invasion, repair DNA
synthesis, and restoration of intact chromosomes. Aspects of
DNA topology affecting individual steps are highlighted. Over-
all, recombination is a dynamic pathway with multiple metasta-
ble and reversible intermediates designed to achieve DNA
repair with high fidelity.

Homologous recombination (HR)2 is essential to access the
redundancy of genetic information that exists in the form of
sister chromatids or homologous chromosomes when both
strands of the DNA double helix are compromised. Important
biological contexts of HR are DNA replication support and the
repair of DNA double-strand breaks (DSBs) in somatic cells and
during meiosis (1). In this Minireview, we focus on the repair of
DSBs by HR in somatic cells to illustrate the biochemistry of the
enzymes involved in the individual steps.

When a chromosome suffers a DSB, the DNA damage
response coordinates cellular pathways to ensure genomic sta-
bility and survival, including the pathway choice of DSB repair
(2). As summarized in Fig. 1, DSBs can be repaired by a number
of different pathways that lead to the restoration of the chro-
mosome. Other contributions in this Minireview series will dis-
cuss canonical nonhomologous end-joining (NHEJ) (3) and

microhomology-mediated end-joining (MMEJ) (4). For HR, the
DSB is resected 5� to 3� on one strand of the DSB ends produc-
ing terminal 3�-OH single-stranded DNA (ssDNA) tails. As
control of DSB resection defines a mechanism of pathway
choice between HR and end joining, we refer the reader to the
contribution dedicated to this key step for a discussion of the
nucleolytic processing of DSBs (5). Briefly, DSB resection is
surprisingly complex and flexible (6). The nuclease Mre11-
Rad50-Xrs2 and its cofactor Sae2 (Table 1 for a list of proteins)3

initiate resection with the capability of acting on DSB ends with
nonstandard DNA chemistry or covalently attached proteins by
delivering an endonucleolytic incision to release a terminal
5�-ending oligonucleotide. Bulk resection is accomplished by
two pathways involving the 5�–3� exonuclease Exo1 and the
Sgs1–Top3–Rmi1 complex working in conjunction with the
Dna2 nuclease. Both long-range resection pathways require
the Fun30 chromatin–remodeling factor and are negatively
regulated by the DNA damage–response protein Rad9 binding
to specific histone marks (6).

The resected DSB end(s) must find, synapse with, and invade
(intertwine with) a homologous donor locus to prime repair
DNA synthesis. DSB repair by HR in somatic cells favors use of
the sister chromosome over the homologous chromosome as a
template donor (7) and primarily resolves interchromosomal
joint molecules through the synthesis-dependent strand
annealing pathway (SDSA) (Fig. 1 and Figs. S1 and S2) (8, 9).
Both of these preferences serve to limit potential loss of
heterozygosity through somatic crossover (10). In SDSA, DNA
synthesis creates homology to the other broken DNA end, so
that when the extended D-loop is unwound the two ends can
anneal and achieve repair (Fig. 1 and Fig. S2). Alternatively, this
step may involve a second DNA strand invasion event (Fig. S1).
In the following, we will describe the individual steps of the
pathway and discuss the reversibility of key intermediates that
enhance the fidelity of HR and limit potential deleterious
genomic rearrangements (11, 12).

Assembly and maintenance of the nucleoprotein
filament scaffold on ssDNA

With a representative in every organism, Rad51 family pro-
teins are central to HR, forming right-handed helical filaments
on ssDNA that act as nucleoprotein scaffolds to direct their
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own and interacting protein activities (13–15). Nucleation of
the Rad51 filament is challenged by competition with the
ssDNA-binding protein RPA (16). Once nucleated, cooperative
interactions between Rad51 protomers dominate, and filament
growth ensues. The term mediator is used to describe proteins
enabling Rad51 to overcome the inhibition of RPA by acting as
nucleation platforms bridging Rad51 to ssDNA to displace RPA
(13, 15). The RecFOR complex in bacteria (17) and Brh2 protein
in the fungus Ustilago maydis (18) recognize a specific DNA
structure to begin filament growth, the junction formed by
ssDNA transitioning to dsDNA at the resection boundary.

Other mediators, such as Rad52 and BRCA2, appear to lack a
clear DNA junction preference (19). In yeast, Rad52 mediates
the replacement of RPA with Rad51 in a mechanism where
ssDNA wraps around Rad52, destabilizing the RPA–ssDNA
interaction while promoting Rad51 binding through physical
interaction between Rad51 and Rad52 (20, 21). Yeast Rad52
defines its epistasis group of HR proteins, being necessary for
all Rad51 filament formation in vivo (22, 23). Interestingly,
although RAD52 is conserved as a protein, its dominant medi-
ator function is not. In vertebrates, genetic and biochemical
evidence suggests that the BRCA2–DSS1 complex is critical to

Figure 1. Model for repair of DNA double-strand breaks by homologous recombination in somatic cells. When a DNA double-strand break (DSB) occurs
in a DNA molecule, repair can proceed by multiple pathways largely controlled by end resection. NHEJ is capable of repairing unresected or minimally resected
DSBs in a template-independent fashion. MMEJ and single-strand annealing (SSA) rely on different extents of homology between the two DSB ends for repair
independent of a donor molecule. Homologous recombination proceeds as shown in the figure using a homologous donor DNA. Most of the extended D-loops
in somatic cells are disrupted and subsequently repaired by SDSA. The end result of the repair by SDSA is always a noncrossover outcome, thus avoiding loss
of heterozygosity produced by somatic crossovers. SDSA occurs by disruption of the extended D-loop and annealing the newly synthesized DNA with the
second end of the broken molecule. Alternatively, the newly synthesized strand may invade the second end as depicted in Fig. S1. The extended D-loop can
also undergo second-end capture or invasion (Fig. S2) to form a double Holliday junction (dHJ). This may either lead to a crossover or a noncrossover outcome.
Invasion by the second break end makes dHJ formation and hence crossover outcome more likely, as depicted in Fig. S2. See Fig. S3 for another model for
crossover generation. dHJs can be dissolved into noncrossovers by the concerted action of the Sgs1–Top3–Rmi1 complex to migrate the two junctions toward
each other and then decatenate the strands of the hemicatenane by the Top3 topoisomerase activity. Each colored line indicates a strand of DNA, and dotted
lines represent DNA synthesis.
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RAD51 filament nucleation (19, 24 –28). BRCA2 appears to act
in concert with the human RAD51 paralogs, as suggested by
epistasis analysis (29). However, it is not yet fully clear why such
a large protein with a complex interactome and nine RAD51-
binding sites is required to accomplish what in other species is
achieved by much simpler proteins with only one to two bind-
ing sites for the filament protein (e.g. RecFOR and Brh2-Dss1)

(30). Interestingly, in BRCA2-deficient human cells, RAD52
becomes essential, and it was suggested that RAD52 exerts a
mediator function under these conditions (31).

Rad51 family ATPases display complex behavior regulated
by bound nucleotide cofactor (13–15, 32). First, it controls
Rad51 DNA affinity (ATP � high affinity and ADP � low affin-
ity) with the ATP-bound state favored for filament nucleation

Table 1
Homologous recombination: Proteins and their functions

** Meiosis-specific in S. cerevisiae.
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and growth. Second, Rad51 ATPase controls the extent of fila-
ment elongation through transitions in filament pitch. As it
binds ssDNA, Rad51-ATP stretches it to 150% of B-form
length, but in a nonuniform manner. In the RecA filament–
ssDNA crystal structure trapped in its most extended form with
ADP-AlF4 (33), each RecA monomer binds three nucleotides of
DNA and holds them with near B-DNA rise values (3.8 – 4.2 Å
per nucleotide; B-DNA is 3.4 Å). Most of the extension is
achieved by the stretched (7.1–7.8 Å rise) base steps between
nucleotide triplets and the next monomer, as RecA inserts
hydrophobic residues of its L2 loop into the intertriplet base
stacks. The arrangement of triplet bases is likely conserved
among all family members and appears critical for homology
search (34, 35).

The fully extended Rad51 filament is referred to as the active
form of Rad51; however, this may be an oversimplification as
the filament is not a static structure in the presence of ATP.

RAD51 bound to a nonhydrolyzable ATP analog extends fila-
ments the most (99 Å pitch), whereas RAD51-ADP, in contrast,
forms compressed, low pitch filaments (76 Å) (36). Under con-
ditions that permit ATP hydrolysis, intermediate RAD51 fila-
ment extension is observed (37). Although the ADP-bound
state has low DNA affinity, Rad51 does not necessarily dissoci-
ate from ssDNA upon ATP hydrolysis. Dissociation of RAD51-
ADP is concentrated at filament ends (38), whereas internal
monomers, stabilized by interaction with two adjacent mono-
mers, exchange ADP back for ATP without dissociating (39,
40). This general behavior has also been observed with bac-
terial RecA protein, which hydrolyzes ATP �100 times
faster than eukaryotic Rad51 (Fig. 2A). In single molecule
experiments, switching between a buffer with and without
ATP, RecA filaments elongate and shorten, respectively (40).
The local changes in filament pitch that occur with ATP
hydrolysis promote nucleoprotein filament movement (41).
Third, the RecA ATPase enhances heteroduplex DNA exten-
sion (see below), and the ATPase becomes necessary when
mismatches are present in the path of the exchanging
strands (42, 43).

Accompanying ascending organism complexity, the central
HR protein becomes less and less autonomous, its ATPase
slows, and the list of interacting proteins grows larger (Fig. 2A;
Table 1). At the upper extreme, vertebrates have evolved five
different RAD51 paralogs, each required for normal RAD51
foci formation and each mutant displaying DNA damage sen-
sitivity, suggesting that each paralog has a unique function (13,
15, 44). The functions of the Rad51 paralogs appear to be
accomplished through their integration into the Rad51 fila-
ment (45, 46), although their arrangement of contacts and fre-
quency within or capping filament segments is unknown.
Rad51 paralog-dependent changes in nucleoprotein–ssDNA
nuclease sensitivity suggest their interaction with Rad51 fila-
ments leads to changes in its conformation (46). In Saccharo-
myces cerevisiae, the Srs2 helicase disrupts Rad51 filaments,
preventing hyper-recombination (47–49). The Rad51 paralogs
Rad55 and Rad57 form a heterodimer that opposes the action of
Srs2, acting as a roadblock on ssDNA in the path of the helicase
(45). Many facets and interspecies variations by which Rad51
filaments are modulated by its paralogs are still awaiting
elucidation.

In eukaryotes, the Sae3–Mei5 heterodimer is important
for mitotic and/or meiotic recombination, depending on the
organism (50). For example, S. cerevisiae Sae3–Mei5 is only
required for HR during meiosis, whereas in vertebrates the ho-
mologous complex SWI5–MEI5 functions during HR in
somatic cells (Table 1). Some species utilize the heterodimer for
both programs (e.g. Schizosaccharomyces pombe), and plants
appear to lack homologs (50). Swi5–Sfr1, the fission yeast ho-
mologs, display an elongated structure that binds in the groove
of the extended Rad51 filament (51). It stabilizes Rad51 fila-
ments on ssDNA and promotes Rad51-dependent DNA strand
exchange reactions (50). Mouse SWI5–SFR1 was shown
to enhance the RAD51 ATPase by promoting ADP-ATP
exchange (52). The mechanisms and evolutionary driving
forces to explain why the Rad51 filament should become depen-
dent on Sae3–Mei5 only in certain contexts await elucidation.

Figure 2. Homology search and DNA strand invasion. A, ATPase activity of
central filament proteins decreases with organism complexity while filament
interactors increase in number. From T4 phage UvsX to Rad51, the ssDNA-de-
pendent ATPase activity decreases roughly four orders of magnitude. B,
hypothetical cartoon of the synaptic complex intermediate. The arrange-
ment of DNA strands within the Rad51 filament (blue spheres) is not known,
but there is no net intertwining of DNA strands. Bases are shown paired in
triplets based on the RecA crystal structure (33). Watson-Crick base pairing
occurs between the invading strand and its complement and may be partially
retained between the two complementary strands of the donor molecule.
Intertwining of DNA strands leads to D-loop formation, containing heterodu-
plex DNA (hDNA). C, two types of invasion are 3� end invasion, which is
favored (81), and internal invasion away from the end. In the latter case, the
D-loop must be processed to create a primer–template junction containing
the 3� end of the invading DNA strand for extension by a DNA polymerase,
and different possibilities are depicted.
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Curiously, vertebrate RAD51, unlike yeast Rad51, pro-
karyotic or phage proteins, does not form stable RAD51–
ssDNA filaments on its own in vitro. Calcium enables RAD51
filament formation by inhibiting its ATPase activity (53, 54).
Furthermore, calcium ions appear to change the orientation
of bases within RAD51 filaments, relative to magnesium
ions (55). It is unclear whether calcium is a physiological
cofactor or a substitute for a protein cofactor such as SWI5–
MEI5, as the fission homolog Swi5–Sfr1 was found to stim-
ulate the same step as calcium but by a different mechanism
(56, 57).

A key difference between prokaryotic and eukaryotic recom-
bination machineries is the evolution of a tightly coupled
dsDNA-dependent motor activity complementing the Rad51
filament, the Rad54 protein. Although its primary role requires
its ATPase activity (see below), Rad54 associates with Rad51–
ssDNA filaments and stabilizes them, independent of its
ATPase activity (58, 59).

Rad51 regulation by the nucleotide-binding/hydrolysis cycle,
associated proteins, and potentially other cofactors is critical in
its assembly and function. Once the nucleoprotein scaffold is
assembled, other Rad51 filament-interacting proteins enhance
the homology search and DNA strand invasion activities of this
dynamic entity.

The homology search

The broken DSB end, now resected to ssDNA and assembled
with the Rad51 filament and cofactors, must find a homology
donor from which to initiate DNA synthesis. The nature of the
search entity as a filament allows the entire sequence of ssDNA
within to be exploited. The filament must interact with
genomic dsDNA as it scans for sequence complementarity. In
addition to the primary DNA-binding site for ssDNA, RecA has
a secondary dsDNA-binding site that promotes lateral contact
with duplex DNA (60). In a poorly understood fashion, one
strand of duplex DNA is destabilized to open the helix and to
allow bases to be sampled for complementarity to those within
the filament, termed base-flipping (61, 62). In the case of
eukaryotic Rad51, additional proteins may be involved in this
step, and a role of bridging RAD51 filaments to dsDNA has
been proposed for vertebrate RAD51AP1, PALB2, and HOP2-
MND1 (63–66). In genome-wide anti-Rad51 CHIP assays,
S. cerevisiae Rad54 or its paralog Rdh54 are required to measure
significant Rad51 association outside the region of the DSB,
suggesting homology search does not occur in their absence
(67). Besides the well-established role of BRCA1 in DSB resec-
tion control (5), human BRCA1–BARD1 was identified to play
an unanticipated role in RAD51-mediated homologous pairing
that correlated with the interaction between BRCA1 and
RAD51 (68). Thus, extrinsic factors may enhance dsDNA prob-
ing by Rad51 in eukaryotes.

For efficient homology search, dsDNA must be transiently
bound and turned over rapidly when the sequence is incorrect.
Microhomologies of as few as eight nucleotides promote
extended lifetimes of Rad51–ssDNA– dsDNA complexes (69,
70). A clear role of filament ATPase activity in the homology
search was lacking until recently when RecA ATPase was

shown to be involved in the release of dsDNA bound by the
filament (71). In contrast to RecA, Rad51 from yeast and human
has ATPases of roughly two orders of magnitude lower than
RecA (Fig. 2A), and therefore it is not clear whether the ATPase
of Rad51 plays a role in dsDNA release during homology search
or whether additional protein cofactors now assume this role in
eukaryotes.

The synaptic complex, also known as a paranemic joint (72,
73), forms upon identification of homology in a donor dsDNA
(Fig. 2B). By EM, all three strands are seen passing into the
filament along the paired region until they exit again (74). The
arrangement of base pairing in this three-stranded intermedi-
ate is poorly understood (Fig. 2B), but there is no net intertwin-
ing of the invading strand with its complement in the donor,
such that removal of proteins results in total disruption of the
structure. However, synaptic complexes are more stable than
filament interactions observed with nonhomologous dsDNA
(75). The structure, size, and lifetimes of synaptic complexes in
vivo are not known; however, it was recently proposed that they
exist for an extended period of time before being triggered to
proceed to form the D-loop (76).

The RecA–ssDNA structure suggests that for greater than
three nucleotides in dsDNA to be consecutively base-paired
with nucleotides in the extended filament, the dsDNA too must
extend (untwist) in the same pattern of triplet stacked bases
intervened by unstacked and stretched intertriplet gaps. This
arrangement may facilitate the homology search by preventing
cooperative base stacking interactions in the absence of homo-
logy, to favor the stabilization of pairing through Watson-Crick
base pairing (35). It also helps explain why negatively super-
coiled DNA donors are highly favored for the formation of met-
astable synaptic complexes (72). As the dsDNA is stretched, the
negative supercoils are relaxed like a coiled spring to provide
energy to drive expansion of the paired region. RecA synaptic
complexes formed with donor plasmids of defined supercoil
content and observed by EM have paired regions where the
length corresponds to that needed to dissipate all negative
supercoils (74).

Formation of heteroduplex DNA in the D-loop and the
ATP-dependent role of Rad54

After formation of the synaptic complex, the 3� end of the
invading strand must be intertwined with its complement in the
donor to form a primer–template junction competent for DNA
synthesis (Fig. 2B). This key intermediate is known as the dis-
placement or D-loop, because the original base-pairing interac-
tions in the donor dsDNA were disrupted and replaced by het-
eroduplex DNA (hDNA), a term that describes the region
within the D-loop where the invading strand has intertwined
with the complementary strand in the donor. The DNA-strand
invasion reaction is fundamentally different from DNA strand
annealing, because it requires DNA strand displacement and
the original base pair to be broken.

Rad54 activity is tightly coupled to the activity of Rad51, to
the extent that yeast Rad54 is required for D-loop formation in
vitro and in vivo, dependent on its ATPase activity (77). Human
RAD54 highly stimulates the calcium-supported RAD51 reac-
tion (76, 78). Rad51 stimulates Rad54 ATPase activity many-
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fold, and this activity is coupled to the removal of Rad51 fila-
ments from dsDNA (79). At least two nonexclusive models
have been proposed to explain Rad54 motor activity in promot-
ing D-loop formation. In one, Rad54 translocation on donor
dsDNA induces supercoiling, and this in turn leads to transient
separation of dsDNA to allow the Rad51 filament access to the
complementary strand (80). Another model posits that Rad54 is
an hDNA pump that threads in the invading strand and donor
dsDNA and threads out hDNA and the displaced strand. Estab-
lishing and migrating an hDNA branch point (junction), the
motor domain translocates on the newly uniting strands of the
hDNA, while the displaced strand is guided out of the donor
duplex through the N-terminal ssDNA-binding domain identi-
fied in Rad54 (81). In this model, Rad51 is removed during the
process of forming hDNA, with Rad54 acting essentially as a
three-way zipper (81).

Why have eukaryotes parsed out functions of the central
DNA strand exchange protein to other protein factors, such as
Rad54? First, it may provide greater function or versatility than

the filament protein alone. For example, the Rad51/Rad54 pair
can invade a linear donor, whereas RecA requires negatively
supercoiled donor DNA (81). In eukaryotes, the supercoiling
density is not uniform throughout the genome (82), and there-
fore more topological versatility may be required. Rad51 and
Rad54 have also been reported to be competent to form
D-loops in donors with bound nucleosomes, a reaction also not
supported by RecA (83, 84). Second, less autonomy in the DNA
strand-exchange protein translates to greater opportunity for
regulation. Human RAD54 phosphorylation by NEK1 kinase is
necessary for RAD51 foci to be turned over in the G2 phase of
the cell cycle (76). One possible interpretation is that synaptic
complexes, marked by RAD51 foci, are only triggered to form
hDNA when RAD54 is phosphorylated. However, the purified
phosphorylation site S572A mutant formed D-loops, bound
DNA and RAD51-like WT protein (76), suggesting that the
RAD54 phosphorylation-dependent triggering of RAD51 foci
removal cannot be explained by a simple model of direct
enhancement of RAD54 activity.

Figure 3. Topological considerations in DNA strand invasion. A, supercoiling density in various chromatin domains may influence the propensity to invade
(invasion is a term inclusive of synaptic complex formation and hDNA formation through interwining of the invading strand) a particular domain in the donor.
Synaptic complex formation initially relaxes the donor when the extended Rad51–ssDNA filament aligns with homologous bases present in the complemen-
tary donor strand, causing them to extend as well. Invading strand intertwining to produce hDNA is a separate consumption of the negative supercoils in the
donor, and unlike synaptic complexes, hDNA is stable even in the absence of the bound proteins. The topological status of the donor will also influence the DNA
synthesis step, as indicated in the figure and discussed in the text. Gray ovals indicate a specific DNA-bound protein(s), which creates discrete topological
domains within linear chromosomes. Green horseshoe, topoisomerase. B, negative supercoiling creates an energy well that influences DNA strand intertwining
or unwinding. Invasion into a supercoiled donor will favor stand intertwining as negative supercoils release their stored energy as they are dissipated, with a
relaxed donor defining the lowest energy state. Once all negative supercoils are relaxed, extending hDNA through further intertwining, or DNA synthesis, will
induce positive supercoils. Unwinding the D-loop in a relaxed donor by a DNA helicase will require they rewind negative supercoils in the donor. The dotted
green line represents the altered energy landscape made possible by the action of topoisomerases, in effect making the energy well more shallow. Orange
triangles depict DNA helicases and their translocation orientation to disrupt D-loops.

THEMATIC MINIREVIEW: DSB repair by homologous recombination

J. Biol. Chem. (2018) 293(27) 10524 –10535 10529



DNA topology and structure affect hDNA formation and
stability

Where the initial invasion occurs along a long resected DSB
end depends on multiple factors, including where the initial
homology is encountered. The synaptic complex will likely
spread to the extent allowed by supercoiling (see Fig. 2 legend);
then, the invading strand will intertwine with the complemen-
tary donor strand forming hDNA, beginning at some point rel-
ative to the 3� end to form a D-loop. Homologous ssDNA ends
(physiologically the 3� end) are favored over internal homo-
logous sequence, yet hDNA may form anywhere along the ho-
mologous sequence (81). Supercoiling determines the extent of
the hDNA tract that can be accommodated, with about 10.5 bp
per negative supercoil that can be intertwined before there is a
topological block encountered. Highly negatively supercoiled
domains in the donor may favor the initial synaptic complex
formation and subsequent invasion (Fig. 3A). The stored energy
within the natural negative superhelicity of chromatin, analo-
gous to a compressed spring, creates an energy well encourag-
ing homologous strands to intertwine as favored by the energy
release (Fig. 3B). Superhelicity also affects the DNA synthesis
step as well as the unwinding of hDNA by helicases necessary to
dissociate the D-loop (Fig. 3B). In the latter case, the donor is
unwound toward a relaxed state as it intertwines with the
invading strand, and so it must be rewound to eject the D-loop
(reinduce negative supercoiling). In vivo, the supercoiling status
is neither random nor static (82, 85). Besides ATP-dependent
motor proteins, topoisomerases also have the potential to lower
energetic barriers to extending hDNA, either by branch migra-
tion or DNA synthesis, and to accomplish hDNA disruption
(Fig. 3B). The Sgs1–Top3–Rmi1 complex is composed of a
potent 3�–5� DNA helicase, a type 1A topoisomerase, and its
co-factor, respectively. Specifically in the context of a reconsti-
tuted D-loop reaction, but not with protein-free DNA, Top3–
Rmi1 relaxes the plasmid donor and promotes the dissociation
of the D-loop (86). Mutants in the complex have a slow growth
phenotype that is rescued by deletions that impair HR (87).
Hence, Top3 is a good candidate for an HR-associated topoi-
somerase activity. Other type I or type II topoisomerases have
the potential to affect HR outcome as well, even if indirectly by
changing the topological landscape of the domain being
invaded (Fig. 3). These topological aspects of hDNA dynamics
underpin the energy landscape of DNA strand exchange reac-
tions and may rationalize the need for multiple motor proteins
driving reactions in defined directions.

At a minimum, only the very 3� end of the invading strand
needs be in hDNA to form a primer–template junction for
DNA synthesis. However, the hDNA region may be hundreds
of bases pairs. It is becoming increasingly clear that the
sequence away from the 3� end can readily form hDNA, as evi-
dent by robust Rad51/Rad54-dependent D-loop formation
using substrates with terminal heterologies (81). In addition,
multi-invasion species, where the invading strand forms hDNA
in more than one dsDNA donor molecule, occur in vitro and in
vivo (11, 81). Therefore, it seems unlikely that as the DNA inter-
twines internally, the rest of the ssDNA molecule passes
through the strands of the donor helix. Rather, the hDNA

region may intertwine while dissipating the torsion created
through rotation in the ssDNA. The prevalence of internal
invasions brings up new questions as to how they would be
processed. These D-loops could be disrupted to try end-
invasion again, the hDNA region could be extended or
migrated toward the 3� end by as yet unknown enzymes, or
the unincorporated strand extremity might be cleaved by a
nuclease such as Rad1–Rad10 (Fig. 2C; Table 1). Alterna-
tively, by anchoring the DSB end, the internal invasion may
facilitate a secondary invasion to occur at the 3� end (Fig.
2C). Internal or end invasion creates unique hDNA branch
point structures that have the potential to influence HR pro-
tein activities, as found to be the case for the Rad54 and Srs2
motor proteins (81, 88).

Clearly, much is unknown about the formation of hDNA in
vivo for the lack of assays to physically measure D-loops and
their extent in somatic cells. For example, there is little infor-
mation on the role of topoisomerases on HR other than Top3.
The length of the hDNA tract can influence biological outcome
because longer hDNA tracts favor dHJ formation thereby pro-
moting crossovers (CO) (89, 90). COs, in turn, risk potential
loss of heterozygosity of critical genes such as tumor suppres-
sors (10). This evolutionary pressure is evidently intense
enough on organisms that it has selected for pathways of
somatic CO avoidance to favor SDSA.

D-loop reversal activities ensure high-fidelity DSB repair
and CO avoidance

In SDSA, the disruption of the extended D-loop is ultimately
required for chromosome resolution, but this is not the only
need for D-loop disruption (Fig. 1 and Fig. S2). First, it may help
reject hDNA formed with homeologous (partial homology)
donors to aid the homology search. Second, D-loop disruption
lowers the probability that the two ends of the DSB will simul-
taneously invade the donor, and DNA synthesis allow matura-
tion into a dHJ with potential CO outcome (Fig. S2) (8, 9, 91).
Third, it prevents the preponderance of multi-invasions (one
ssDNA end invading two donors), which can lead to transloca-
tions of the two donors and a cascade of further rearrangements
(11).

In S. cerevisiae, at least three enzymes/complexes have
been implicated in D-loop disruption: Sgs1–Top3–Rmi1
(86), and two 3�–5� helicases, Srs2 (88) and Mph1 (93). In
vertebrates, the number of helicases increases and includes
the five RecQ family helicases (Table 1). Likely, each helicase
is specialized to recognize subtly different hDNA intermedi-
ates, whether they are demarcated by the topological status,
DNA junction structure, and/or interaction with other
bound proteins. Often these factors have roles in support of
DNA replication in addition to DSB repair. D-loop disrup-
tion activities maintain a dynamic balance with hDNA for-
mation and extension, enhancing overall HR fidelity and
promoting CO avoidance.

DNA synthesis at the D-loop

Once the 3� end has been incorporated into hDNA in the
D-loop or a 3� end has been generated by cleavage, the stage is
set for DNA synthesis (Fig. 2C) (94). In vitro, this reaction has
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been reconstituted with a short oligonucleotide ssDNA paired
with a supercoiled plasmid donor, including Rad51, Rad54, and
RPA to make the D-loop and RFC1–5, PCNA, and DNA
polymerase � as minimal components for D-loop extension
(95–97). On its own, Pol � is unable to extend D-loops, yet the
inclusion of PCNA and its loader RFC1–5 transforms the
polymerase into a robust hDNA extender (95). A genetic sys-
tem in yeast revealed that both Pol � and � are required for HR
(98), but the precise role of Pol � remains to be determined as it
cannot perform displacement synthesis (99).

When a short ssDNA is employed, the donor is only partially
relaxed by its intertwining in the D-loop, and DNA synthesis
can proceed until a topological block is encountered, as D-loop
extension by DNA synthesis consumes one negative supercoil
every helical turn (�10.5 bp) (Fig. 3). In vivo the ssDNA sub-
strate is relatively long and might be expected to fully relax the
negative supercoils in the donor, as is observed in vitro with
long ssDNA substrates (74, 81). This means the D-loop will
start DNA synthesis in a relaxed donor, and its extension will
induce positive supercoiling, which topologically blocks DNA
synthesis (Fig. 3). One way to overcome this block is to peel off
the D-loop from the 5� side (relative to invading strand) of the
hDNA to establish a migrating bubble to prevent topological
stalling (100). In yeast, Pif1 helicase enables long-range DNA
synthesis during break-induced replication (101), and BLM
helicase is required for long SDSA events in Drosophila (102).
Both may act in a similar fashion to dda helicase, which carries
out bubble migration in the phage T4 (100). Alternatively,
topoisomerases might relax the donor ahead of the extending
D-loop, as they do for normal replicative DNA synthesis. How-
ever, topoisomerases cannot deal with roadblocks in the tem-
plate itself, such as RNA–DNA hybrids (R-loops), transcription
machinery, and bound proteins. Interestingly, two homologs of
the replicative helicase (MCM2–7), MCM8 and MCM9, have
been proposed as a recombination-specific DNA helicase (103).
MCM8 –9 and RAD51 are important for replication fork-asso-
ciated DNA synthesis after degradation of the replicative heli-
case by MCM2 depletion, and their knockout decreases DSB-
induced HR measured in genetic assays in human cells (103).
However, the details of their interactions with the recombina-
tion machinery have not been established by their reconstitu-
tion into D-loop extension assays.

Many questions still shroud the control of recombination-
associated DNA synthesis. Besides Pol �, which DNA polymer-
ases are involved, and what is their function? How is the 3� end
generated for extension (Fig. 2C)? What is the influence of
topoisomerases (and which) on DNA synthesis? Is a migrating
bubble established, and which protein(s) are involved? How is
the extent of DNA synthesis balanced by extended D-loop dis-
ruption activities to achieve SDSA?

Extended D-loop disruption, second-end annealing, and
crossover avoidance

Pol � DNA synthesis must extend the invading strand
enough so that when the D-loop is disrupted, there is sufficient
sequence homology to anneal to the second resected end of the
DSB. Does the machinery sense when enough DNA synthesis
has been accomplished? There may be no need, as genetic stud-

ies support a model where DNA synthesis is achieved through
successive cycles of invasion, short DNA synthesis, and D-loop
disruption (104, 105). Srs2 and Mph1 have been implicated
genetically and demonstrated biochemically to disrupt ex-
tended D-loops (88, 97). These proteins might promote a
stochastic disruption of the extended D-loop. However, in the
case of Srs2, there is evidence that cell signaling can tip the
balance in favor of disruption upon D-loop extension. PCNA-
SUMO was shown to give a modest preference to Srs2, which
has a SUMO-interacting motif, for disruption of extending
D-loops. Structurally, preference was shown for D-loops that
contained hDNA proximal to the 3� end (88). As Rad54, Srs2 is
another example of a complex DNA translocase whose motor
and accessory regulatory domains receive inputs from cell sig-
naling, DNA substrate structure, and interaction with partner
proteins (107).

Srs2, Sgs1 (RecQ family), and Mph1 are 3� to 5� ssDNA trans-
locases with respect to the DNA strand the motors translocate
on. To disrupt the hDNA, they must first load onto a strand in
the D-loop substrate. Continuing the Srs2 example, preference
for the modified PCNA and 3� proximal hDNA substrate leads
to a model where it translocates on the invading strand starting
at the 3� end to disrupt hDNA (Fig. 3B). However, another pos-
sible mode of disruption would be for a helicase to load at the 5�
hDNA branch point on the donor template strand and translo-
cate toward the 3� side of the hDNA tract (Fig. 3B). In either
case, helicase ssDNA translocation to unwind the heteroduplex
and to eject the invading strand returns it to ssDNA, which will
quickly be bound by RPA.

Now disengaged from D-loops, the two DSB ends have the
chance to anneal in the region of homology created from DNA
synthesis steps within the D-loops. In yeast, Rad52 is interme-
diary for the annealing step between the RPA-coated ssDNAs
(108, 109). Likewise, RAD52 is the only human protein known
to be capable of annealing RPA-coated ssDNA (110). However,
the phenotype of RAD52 mutants or knockdowns in vertebrate
cells is very subtle and inconsistent with a critical role during
HR-mediated DSB repair (31, 111). Although the primary
mediator function of Rad52 has been usurped by BRCA2,
BRCA2 does not anneal RPA-coated ssDNA (19). Because
SDSA is also the predominant HR-mode of DSB repair in
somatic human cells (112), it is unclear which protein catalyzes
the second-end annealing step. It is possible that an unidenti-
fied protein is involved, as the subtle phenotype of RAD52-
deficient human cells is not consistent with a critical role in this
step. Alternatively, we suggest a modified SDSA model, which
replaces a second-end annealing step with a second-end DNA
strand invasion step, obviating the need for an annealing pro-
tein altogether (Fig. S1).

Regardless of whether second-end rejoining proceeds by
annealing or invasion, DNA synthesis primed by the second
end is required to restore the integrity of the chromosome. The
identity of the DNA polymerase involved in second-end DNA
synthesis remains to be determined (94). Ligation of any
remaining nicks restores the integrity of the chromosome, and
CO was successfully avoided (Fig. 1).
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Double Holliday junction processing and the possibility
of a crossover

Although SDSA is the preferred DSB repair pathway in
somatic cells, a fraction of repair events proceed through for-
mation of a dHJ, as supported by their physical detection in
somatic cells (113). En route to dHJ formation, one of two things
can happen: the second resected DSB end anneals to the dis-
placed strand of the D-loop (Fig. 1), or both DSB ends simulta-
neously invade the donor and extend through DNA synthesis
(Fig. S2). Ligation of the resultant nicked duplexes then creates
a dHJ, where each HJ is a four-way branched DNA joint mole-
cule (Fig. 1 and Fig. S2). These dHJs are processed by either
dissolution, giving strictly noncrossover (NCO), or endonu-
cleolytic resolution that generates CO or NCO products.

In Escherichia coli, RuvC has set the paradigm for the reso-
lution of single HJs (114). The RuvC dimer symmetrically
cleaves two phosphodiester bonds across the HJ (Fig. S3),
resulting in nicked duplexes capable of being ligated without
further processing. If the cleavages of the dHJ across each of the
two single HJs are in different planes, a CO product is formed,
although incisions in the same plane result in an NCO outcome.
This gives a 50% chance of CO formation, if the cleavages are
random (Fig. S3). Thus, dHJ resolution has the potential for CO
formation and is largely avoided in somatic cells.

The RuvC paradigm encouraged identification of similar
resolvases in eukaryotes and led to the recognition of Mus81–
Mms4, Slx1–Slx4, and Yen1. These nucleases have been shown
to act on a variety of joint DNA molecules with different spec-
ificities as reviewed in Refs. 114, 115. For example, Yen1 cleaves
HJs symmetrically to produce nicked duplex products, but it
also cleaves other joint molecules such as 5�-flaps and model
replication forks. Mus81–Mms4 cleaves intact HJs poorly, dis-
playing a strong preference for joint DNA molecules containing
a nick at the branch point. Human MUS81–EME1 has been
proposed to cooperate with SLX1–SLX4 such that SLX1–SLX4
introduces the initial rate-limiting cut to form a nicked HJ,
which is further processed by MUS81–EME1 (116). However,
the SLX–MUS complex, unlike GEN1, often cleaves asymmet-
rically, leaving products with gaps and flaps that require further
processing. Mus81–Mms4 may also act on unligated nicked
HJs before they are ligated. Whether HJs are always ligated
before cleavage by resolvases is unknown. Moreover, the
relaxed substrate selectivity among the eukaryotic endonu-
cleases opens the possibility that cuts in other junctions like the
D-loop or half-junctions (Fig. S3) may also lead to crossover
formation (92, 115). These alternative models do not necessar-
ily involve dHJ formation, yet still produce COs. Thus, HJ res-
olution in eukaryotes and CO formation are still poorly
understood.

Even after dHJ formation, as a last measure of CO avoidance,
the cell has the opportunity for dHJ dissolution carried out by
the Sgs1–Top3–Rmi1 complex leading to a strict NCO out-
come (Fig. 1) (106). The Sgs1 helicase promotes branch migra-
tion of the two HJs toward each other to converge into a hemi-
catenane. Top3 is required to resolve topological constraints
during branch migration and to dissolve the topological con-
nection by passing the two DNA strands of the hemicatenane to

result in NCO products. Whether migration of HJs is random or
directed is unknown. Dissolution is important to avoid excessive
inter-sister COs and to prevent loss of heterozygosity in somatic
cells. This is exemplified in Bloom’s syndrome, in which the
human Sgs1 homolog BLM is mutated, resulting in excessive sister
chromatid exchanges and genome instability (106).

Concluding remarks

HR enables cells to achieve high-fidelity repair of DSBs and
other complex DNA damage. When properly regulated, the
chances of deleterious rearrangements or loss of heterozygosity
through CO are low. Because the complexity of HR increases
with that of the organism, this makes studies in simpler systems
valuable for establishing paradigms that can help deconvolute
the complexity in humans. Continuing effort will be important
to paint the full picture of this elegant DNA repair modus.
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Alternative end-joining (a-EJ) pathways, which repair DNA
double-strand breaks (DSBs), are initiated by end resection that
generates 3� single strands. This reaction is shared, at least in
part, with homologous recombination but distinguishes a-EJ
from the major nonhomologous end-joining pathway. Although
the a-EJ pathways make only a minor and poorly understood
contribution to DSB repair in nonmalignant cells, there is grow-
ing interest in these pathways, as they generate genomic rear-
rangements that are hallmarks of cancer cells. Here, we
review and discuss the current understanding of the mecha-
nisms and regulation of a-EJ pathways, the role of a-EJ in
human disease, and the potential utility of a-EJ as a therapeu-
tic target in cancer.

DNA double-strand breaks (DSB)2 can be generated by expo-
sure to exogenous agents such as ionizing radiation, endoge-
nous agents such as reactive oxygen species– generated aerobic
metabolism, or DNA metabolic processes, including DNA rep-
lication, meiosis, and rearrangement of genes encoding immu-
noglobulins and T cell receptors. These are extremely danger-
ous lesions because the integrity of both strands of the DNA
duplex is lost. In a cell with more than one DSB, it is important
to rejoin the previously linked DNA ends otherwise a chro-
mosomal translocation will be generated. Surprisingly, the
predominant repair pathway in human cells that is often
called either classic or canonical nonhomologous end-join-
ing relies upon DNA end-bridging mediated by protein–
protein interactions involving DNA-dependent protein ki-
nase molecules to bring together DNA ends (1–3). In this
Minireview, we will refer to this pathway simply as nonho-

mologous end-joining (NHEJ). Although this could poten-
tially join DNA ends from different chromosomes, the repair
of DSBs by NHEJ usually results in the rejoining of previously
linked DNA ends, possibly because the arrangement of chro-
matin in loops attached to a scaffold restricts the movement
of DNA ends generated by a break in the loop. The majority
of DSBs generated by ionizing radiation and oxygen free rad-
icals have damaged and noncomplementary termini that
require processing prior to re-joining. This processing fre-
quently results in either the loss or the addition of a few
nucleotides at the break site (1, 2). Thus, although NHEJ
usually rejoins previously linked DNA ends, the repair of
DSBs by this pathway is frequently mutagenic. For more
details about the NHEJ pathway, see the accompanying
Minireview by Pannunzio et al. (4).

Although DSBs are repaired by NHEJ throughout the cell
cycle, a recombinational repair pathway operates during the S
and G2 phases of the cell cycle when an intact sister chromatid
is available to guide the error-free repair of DSBs (5, 6). The
initial steps of this pathway involve resection of the 5� ends of
the DSBs followed by strand invasion into the adjacent intact
sister chromatid, generating a D loop structure by strand
exchange (6, 7). For more details about the homologous recom-
bination (HR) pathway, see the accompanying Minireview by
Wright et al. (8). In this Minireview, we focus on minor DSB
repair pathways that are genetically distinct from HR and NHEJ
that we will refer to collectively as alternative end-joining (a-EJ)
pathways. These pathways do share factors with and/or utilize
similar mechanisms to the major DSB repair pathways. All the
a-EJ pathways, like HR, are initiated by end resection (Fig. 1)
and involve some, if not all, of the factors that constitute the HR
end resection machinery (1, 7, 9). The a-EJ pathways also share
similarities with NHEJ in that the DNA ends to be joined are
juxtaposed without using a homologous template as a guide.
They do, however, utilize differing amounts of sequence homo-
logy (Fig. 1) to align the DNA molecules (1, 9). Although the
a-EJ pathways make only a minor and poorly understood con-
tribution to DSB repair in nonmalignant cells, there is growing
interest in these pathways as they generate large deletions,
translocations, and end-to-end chromosome fusions, genomic
rearrangements that are frequently observed in cancer cells
(10 –12). Furthermore, they appear to be promising therapeutic
targets in cancer cells with defects in either NHEJ or HR (11,
13–16).
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Overview of a-EJ in humans and its relationship with
other pathways of DSB repair

A series of X-ray–sensitive mutants of Chinese hamster
ovary cell lines were used to identify human XRCC (X-ray
cross-complementing) genes involved in the repair of DSBs
both by HR and NHEJ (17, 18). Around the same time, a num-
ber of labs described robust DNA end-joining activities in
extracts from mammalian cells but did not definitively link
these activities to NHEJ factors (19, 20). In a seminal paper,
Bauman and West (21) described end joining by a human cell
extract that depended upon NHEJ factors but also noted that
end-joining activities that were independent of NHEJ could be
detected in extracts prepared by different methods.

The initial genetic characterization of a-EJ pathways also
occurred around the same time using the yeast Saccharomyces
cerevisiae as a model eukaryote. In contrast to mammalian cells,
HR is the predominant DSB repair pathway in yeast. Two minor
DSB repair pathways, single-strand annealing (SSA) and microho-
mology-mediated end joining (MMEJ) (22, 23), were identified
in HR-deficient yeast strains in addition to the NHEJ pathway
(24). Both the SSA and MMEJ pathways are initiated by DNA
end resection. In SSA, 5� to 3� end resection at both ends
exposes single-strand regions with complementary sequences
of greater than 25 nucleotides that reside within tandem
repeats (Fig. 1). The complementary sequences anneal, gener-
ating DNA duplex with noncomplementary 3� single-strand
tails. These tails are removed, followed by gap-filling synthesis
and ligation. This pathway usually generates intrachromosomal
deletions but may generate translocations through events
involving repetitive elements on different chromosomes. In
MMEJ, shorter regions of complementary sequence, ranging
from 2 to 20 nucleotides that are called microhomologies, are
frequently used to align DNA ends prior to gap filling and liga-
tion. Like SSA, this pathway generates deletions, but additional
nontemplated nucleotides may be added at the repair site (24).

It should be noted that the NHEJ pathway also utilizes microho-
mologies, such as those generated by restriction endonucleases,
during end joining. Although the complementary single-strand
overhangs generated by restriction endonucleases are usually
accurately rejoined by the NHEJ pathway, microhomologies
less than four nucleotides produced by limited nucleolytic pro-
cessing and error-prone gap-filling synthesis likely play a role in
end alignment during the repair of DSBs with noncomplemen-
tary ends by NHEJ, resulting in the characteristic small inser-
tions and deletions (1). The ring-shaped Ku heterodimer initi-
ates the repair of DSBs by NHEJ. This factor binds rapidly and
stably to DSBs, preventing end degradation by the HR end
resection machinery and limiting resection by other nucleases.
It also serves as the platform for the assembly of the other NHEJ
factors, including end-processing factors, in a multiprotein
complex (1, 2, 25). MMEJ and the other a-EJ pathways are dis-
tinct from NHEJ in that they are Ku-independent, require com-
ponents of HR end-resection machinery, and frequently involve
longer tracts of microhomology. The competition between Ku
and the end-resection machinery for a DSB end determines
whether that end will be repaired by NHEJ or channeled into
the HR and occasionally the a-EJ pathways. Our current under-
standing of the mechanisms that determine DSB repair path-
way choice is the focus of the accompanying Minireview by Her
and Bunting (26).

The identification of PARP-1 and DNA ligase III� (LigIII�),
neither of which are present in S. cerevisiae, as participants in
a-EJ in mammalian cells (Table 1), provided the first evidence
that there are likely to be differences in the repertoire and
mechanisms of a-EJ pathways between yeast and mammalian
cells (27–29). The repair of DSBs by a-EJ, in particular MMEJ, is
more evident in mammalian cells that are deficient in NHEJ
(30 –33). For example, class switch recombination that is nor-
mally dependent upon NHEJ factors occurs by an a-EJ pathway
in the absence of a functional NHEJ pathway (30, 33). Similarly,

Figure 1. Role of DNA sequence homology in a-EJ pathways. Resection of the 5� strand at DSBs is the first common step of all the EJ pathways (a-EJ). Three
distinct pathways, single-strand annealing (SSA), microhomology-mediated end-joining (MMEJ), and end-joining (EJ) are distinguished based on the amount
of DNA sequence complementarity used to align DNA ends. SSA involves complementary repeat sequences more than 25 nucleotides in length, whereas MMEJ
involves shorter tracts of sequence homology, ranging from 2 to 20 nucleotides in length. There is also a third category of DSB repair events that either lack or
have very little sequence homology at the repair site generated by a poorly defined EJ pathway.
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cells that are deficient in HR are more dependent upon a-EJ
pathways for the repair of DSBs (11, 13). Compared with HR
and NHEJ, the factors involved in a-EJ and the mechanisms by
which they act together to process and repair DSBs are not
well-defined. It is possible that the repair of DSBs by a-EJ that
occurs in repair-deficient cells may not be carried out by dis-
tinct pathways. Instead, the factors required to repair a DSB
may be dictated by the nature of the defect in the NHEJ or HR
pathway.

Although it is evident that the MMEJ pathway serves as a
back-up pathway in cells that are deficient in either NHEJ or
HR, the joining of DSBs by MMEJ can be detected in cells that
are proficient for both NHEJ and HR (34). The role(s) of the a-EJ
pathways when the major DSB repair pathways are functional is
poorly understood. A recent study showing that MMEJ activity
is induced by ionizing radiation suggests that this pathway may
be responsible for the repair of a subset of DSBs with damaged
termini that render them refractory to repair by NHEJ (35).
Because the end resection machinery is activated in S phase
cells, it is possible that the SSA pathway acts to repair DSBs in S
phase cells that occur in unreplicated DNA (9). In the following
sections, we provide a brief overview of the mechanisms of the
a-EJ pathways, SSA and MMEJ, that are shown schematically in
Figs. 2 and 3, respectively.

End resection (MRN/CtlP)

As mentioned above, the a-EJ pathways are similar to HR in
that they are initiated by end resection (Fig. 1). For HR and a-EJ
(Figs. 2 and 3), end resection is initiated by the Mre11/Rad50/
Nbs1 (MRN) complex and CtIP (Table 1). Studies with the
functionally homologous yeast proteins suggest that an initial
3� single-strand region is generated by CtIP-enhanced MRN
endonuclease activity followed by 3� to 5� exonucleolytic diges-
tion by MRN (7, 36, 37). This allows the loading of the more
processive nucleases, either Exo1 or DNA2, that then generate
long stretches of single-strand DNA (7). Because PARP-1 is
required for the rapid recruitment of MRN to DSBs (38), it is
possible that the involvement of PARP-1 in a-EJ is due to its
role in recruiting MRN for the initial phase of end resection.
This, however, seems unlikely, because PARP inhibitors do not
reduce the viability of cells with a functional HR pathway,
whereas if they disrupted MRN recruitment and end resection
then they would also be expected to impact the repair of DSBs
by HR.

Although genetic studies have implicated MRN and CtIP in
both SSA and MMEJ (32, 34, 39 – 43), the role of Exo1 and
DNA2 is not clear. If there are defects in HR at the strand
exchange or later stages, it seems likely that Exo1 and/or DNA2

will have been involved in generating the single-strand ends.
Functional redundancy between Exo1 and DNA2 may explain
why DNA2, Exo1, and also BLM, which interacts with both
Exo1 and DNA2, appear to be dispensable for MMEJ (7).
Because more extensive DNA end resection is likely to be
needed to expose the homologous repeats required for SSA,
DSB repair by this pathway probably involves Exo1 and/or
DNA2 (Fig. 2), whereas the more limited end resection by CtIP
and MRN may be sufficient for at least some of the DSB repair
events catalyzed by the other a-EJ pathways involving either a
few nucleotides of microhomology (MMEJ) (Fig. 3) or no ho-
mology (EJ) (34).

At the present time, little is known about how the extent of
end resection is controlled either during HR or a-EJ. Notably,
the 3� to 5� exonuclease of Mre11, which functions as a dimer
within the MRN complex, is sensitive to the presence of other
DNA ends with noncomplementary ends enhancing degrada-
tion and complementary ends inhibiting degradation (44, 45).
When degradation by Mre11 exposes a short tract of sequence
that is complementary to another DNA end, the Mre11 exonu-
clease appears to pause, presumably transiently stabilizing
DNA end alignment via the microhomologies (44, 45). The
involvement of the endo- and, in particular, the exonuclease
activity of Mre11 in MMEJ is supported by results from a recent
study showing that the repair of a plasmid substrate by an
MMEJ-proficient XRCC1 immunoprecipitate that contains
MRN and CtIP was blocked by small molecule inhibitors of
either the endo- or the exonuclease activities of Mre11 (35).
Interestingly, the loss of WRN, a member of the RecQ helicase
family that is defective in the prototypic premature aging syn-
drome, Werner’s syndrome, increased the size of deletions gen-
erated during MMEJ event suggesting that WRN functions to
suppress resection in MMEJ even though WRN also possesses
nuclease activity (46).

Given the role of end resection in a-EJ, it was generally
assumed that DSB repair via SSA, MMEJ, and the other EJ path-
way occurs predominantly in S and G2 phase cells when the
end-resection machineries are active. Despite the negative reg-
ulation of end resection in G1 cells, it is evident that the repair of
DSBs by MMEJ also occurs in this phase of the cell cycle (47).
Both CtIP and MRN appear to be responsible for the end resec-
tion in G1 cells with 53BP1 enhancing both end resection and
MMEJ (47). Knockdown of 53BP1 in G1 cells resulted in about a
2-fold increase in ionizing radiation-induced �-H2AX foci
remaining 8 and 24 h after radiation, indicating that a signifi-
cant fraction of ionizing radiation-induced DSBs are repaired
by MMEJ in G1 cells (47). Furthermore, because inactivation of
NHEJ resulted in increased repair of DSBs by MMEJ in G1 cells,
it appears that NHEJ suppresses DSB repair by MMEJ in G1
cells (47). Although phosphorylation of CtIP by cyclin-depen-
dent protein kinases is critical for its role in initiating resection
for HR in G2 cells, CtIP is phosphorylated in a DNA damage-
inducible manner by Polo-like kinase 3 to activate CtIP/MRN-
dependent resection in G1 cells (48, 49). In accord with the
evidence that there is competition between NHEJ and MMEJ in
G1 cells (47), resection by CtIP/MRN in G1 cells inhibits DSB
repair by NHEJ (48). It should be noted that there is also evi-
dence that DSB repair in G1 cells occurs via a resection-depen-

Table 1
Proteins involved in a-EJ pathways
For the proteins shown in boldface type, there is strong evidence identifying them as
a key factor in the indicated EJ pathway.
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dent version of NHEJ rather than MMEJ in addition to resec-
tion-independent NHEJ (50). Further studies are needed to
resolve these apparently contradictory findings.

DNA end-bridging and alignment

A critical step in all the a-EJ pathways is the juxtaposing of
DNA ends. Because SSA likely requires extensive resection by
Exo1 and/or DNA2 to expose the homologous repeats (Fig. 2
and Table 1), this repair pathway is probably most active during
the S and G2 phases of the cell cycle. For post-replication

breaks, the ends are likely held in the same vicinity as a conse-
quence of sister chromatid cohesion with the repair event gen-
erating intrachromosomal deletions, whereas resection at DSBs
in nonreplicated DNA in cells could lead to translocations
involving homologous repeats on different chromosomes (9).
Initial genetic studies in yeast identified Rad52 as a key compo-
nent of the SSA pathway with similar studies implicating mam-
malian Rad52 protein (22, 51). Notably, Rad52 protein has a
robust single annealing activity and is able to anneal comple-
mentary single strands that are coated with RPA (52, 53).

Figure 2. Repair of DSBs by the single-strand annealing pathway. 1) Introduction of a DSB break. 2) PARP-1 (PARP) mediates the rapid recruitment of MRN
and CtIP to the DSB end. CtIP enhances the MRN endonuclease activity resulting in an internal single-strand break within the 5� strand. The short single-strand
fragment at the DSB end is then degraded by the MRN exonuclease activity. 3) The resultant single-strand region, which is rapidly bound by RPA, serves as the
binding site for one of the processive 5� to 3� exonucleases, either Exo1 or DNA2. 4) The resultant long range resection by Exo1 or DNA2 exposes complemen-
tary single-strand regions, greater than 25 nucleotides in length. 5) Rad52 interacts with the RPA-coated single strands and anneals the complementary
regions, aligning the DNA ends and exposing nonhomologous 3� single-strand tails. 6) The single-strand tails are removed by ERCC1/XPF, a DNA structure-
specific endonuclease that cleaves the 3� strand at duplex/single-strand junctions. 7) After any gaps are filled, both strands are ligated to generate an intact
duplex that is missing one of the repeats and the DNA region between the repeats. The DNA polymerases and DNA ligases involved in the last steps of SSA have
not been identified.
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Together, these studies suggest that, during SSA, Rad52 anneals
complementary RPA coated-sequences exposed by end resec-
tion (Fig. 2 and Table 1).

For the other a-EJ pathways, different proteins have been
suggested to play roles in the bridging of DNA ends and align-
ment via microhomologies (Table 1). PARP-1, which competes
with Ku for binding to DSBs, appears to have end-bridging
activity (27), although the mechanism by which PARP-1 medi-
ates end-synapsis, in particular the contribution of poly(ADP-
ribosylation), has not been elucidated. As noted previously,
PARP-1 is involved in the rapid recruitment of the MRN com-

plex to DNA ends (38). Both the yeast and human versions of
this complex have robust end-bridging activity (54, 55), sug-
gesting that the MRN complex can simultaneously engage two
DNA ends, compare sequences, and transiently align the DNA
ends via exposed microhomologies during endo- and exonu-
cleolytic digestion (44, 45).

More recently, an A-family DNA polymerase, Pol �, has been
identified as a key factor in a-EJ (11, 13). Pol � has a helicase-like
domain at its N terminus that is separated from the C-terminal
polymerase domain by a long, unstructured central region.
Notably, Pol � displaces RPA from single-strand DNA and also

Figure 3. Repair of DSBs by the microhomology-mediated end-joining pathway. 1) Introduction of a DSB break. 2) PARP-1 (PARP) mediates the rapid
recruitment of MRN and CtIP to the DSB end. CtIP enhances the MRN endonuclease activity resulting in an internal single-strand break within the 5� strand. The
short single-strand fragment at the DSB end is then degraded by the MRN exonuclease activity. 3) Short regions of sequence complementarity, ranging from
2 to 20 nucleotides, are exposed within the RPA-coated single-strand regions. 4) The DNA ends are transiently aligned via the short microhomologies. PARP-1,
MRN, and Pol � have each been implicated in the end alignment. It is likely that a similar, possibly MRN independent process of end alignment also occurs
between ends that are being resected by the long-range exonucleases, Exo1 and DNA2 (see Fig. 2, step 3). 5) Nonhomologous 3� tails are removed prior to
error-prone gap-filling DNA synthesis by Pol �. It is assumed that several functionally redundant nucleases will participate in end processing. 6) Both strands are
ligated by the LigIII�–XRCC1 complex (LigIII/XRCC1). 7) The DNA duplexes generated by MMEJ are characterized by deletions and the presence of sequence
microhomologies at the repair site.
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interacts with Rad51 and inhibits Rad51-dependent HR (11, 13,
56). Thus, Pol � appears to actively compete with the HR
machinery for resected DNA ends. Furthermore, Pol � is capa-
ble of searching for and aligning microhomologies, thereby
contributing to end bridging (57, 58).

Removal of nonhomologous 3� tails

During the repair of DSBs by SSA, the long 3� tails are coated
with RPA (9). Following Rad52-mediated annealing of homo-
logous repeat sequences (Fig. 2), the noncomplementary 3� tails
are removed by the DNA structure-specific endonuclease
ERCC1/XPF (Table 1) that interacts with and is stimulated
by Rad52 (59). Although it is likely the end-joining events
catalyzed by the other a-EJ pathways will also involve re-
moval of noncomplementary 3� tails (Fig. 1), the identity of
the nuclease(s) involved has not been definitively established
(Table 1), presumably reflecting redundancy among these
enzymes.

Gap filling DNA synthesis

It is likely that, after the removal of the nonhomologous tails,
the aligned DNA duplexes will contain gaps. The identity of the
DNA polymerase(s) involved in gap filling during the repair of
DSBs by SSA (9) and microhomology-independent EJ pathway
(Fig. 1) has not been definitively established (Table 1). In con-
trast, there is compelling evidence that Pol � participates in the
majority of DSBs repaired by MMEJ (11, 13, 58). Notably, Pol �
has robust terminal transferase activity in addition to template-
directed synthesis activity and so generates insertions with sig-
nificant sequence diversity at repair sites (58, 60, 61). Although
Pol � is clearly a key MMEJ factor, there is currently no evidence
of functional interactions between Pol � and other MMEJ
factors.

Ligation

The repair of DSBs by the a-EJ pathways is completed by a
DNA ligase once ligatable termini have been generated by end
processing. Among the DNA ligases encoded by the three
mammalian LIG genes, DNA ligase IV appears to only function
in NHEJ, leaving the DNA ligases encoded by the LIG1 and
LIG3 genes as the candidate enzymes for a-EJ (2, 62, 63).
Because S. cerevisiae lacks a homolog of the mammalian LIG3
gene (64), it is likely that Cdc9 DNA ligase, the functional ho-
molog of human LigI, is the predominant DNA ligase in yeast
a-EJ. Although the contribution of the DNA ligases encoded by
the mammalian LIG1 and LIG3 genes to SSA has not been
established (Table 1), there is substantial evidence indicating
that LigIII� is the major DNA ligase in the MMEJ pathway (27,
28, 65, 66). In the nucleus, LigIII� forms a stable complex with
XRCC1, a DNA repair protein that is often referred to as a
scaffold protein because of its interactions with a large number
of DNA repair proteins (67). Both LigIII� and XRCC1 prefer-
entially interact with poly(ADP-ribosylated) PARP-1, interac-
tions that underlie the recruitment of the LigIII�/XRCC1 to in
vivo DNA single-strand breaks (68, 69). Although PARP inhib-
itors reduce the repair of DSBs by MMEJ, there was no reduc-
tion in the recruitment of XRCC1 to DSBs (14, 35), indicating
that the recruitment of LigIII�/XRCC1 is not dependent upon

poly(ADP-ribosylated) PARP-1. Interestingly, LigIII�/XRCC1
also physically and functionally interacts with the MRN com-
plex with these two complexes acting together to digest and join
DNA duplexes with noncomplementary termini utilizing inter-
nal sequence microhomologies (35, 70). Thus, it is possible that
this interaction directs the recruitment of LigIII�/XRCC1 to
DSBs undergoing repair by MMEJ. In support of this idea, ion-
izing radiation induces increased association of XRCC1 with
Mre11 and CtIP, co-localization of XRCC1 with Mre11, and
increased MMEJ activity (35). These changes in the behavior of
XRCC1 and MMEJ activity are dependent upon phosphoryla-
tion of XRCC1 by casein kinase 2 in response to ionizing radi-
ation (35), suggesting that this phosphorylation event(s)
enhance the interaction with the MRN complex. Interestingly,
the N-terminal zinc finger of LigIII�, which is required for
intermolecular ligation in vitro, is also required for LigIII�-de-
pendent MMEJ (65, 71–73).

In mouse cells, the NHEJ pathway acts to suppress formation
of translocations by LigIII�-dependent MMEJ in response to
DSBs induced either by site-specific nucleases or ionizing radi-
ation (12, 65, 66). This is consistent with studies implicating
MMEJ in the formation of translocations due to aberrant class
switch recombination in mice deficient in NHEJ (10, 30, 33).
The observation in some studies that translocation formation
was not dependent upon XRCC1 (66, 74) was surprising given
the role of this protein in maintaining the stability and activity
of nuclear LigIII� and other studies indicating that XRCC1 is a
key component of the MMEJ pathway (35, 75). Although there
may be sufficient residual nuclear LigIII� for translocation for-
mation in the absence of XRCC1 (75), it is also possible that,
when nuclear LigIII� is absent, translocation formation occurs
by a LigI-dependent EJ pathway (65). Notably, these events do
not appear to involve end alignment via microhomologies (65).
At the present time, it is not known how LigI is recruited to the
repair site and whether other LigI-interacting proteins such as
proliferating cell nuclear antigen and replication factor C are
involved in this EJ pathway (Table 1).

Role of A-EJ in genome instability and human disease

The repair of DSBs by a-EJ is inherently mutagenic, poten-
tially giving rise to chromosomal translocations as well as intra-
and interchromosomal deletions and insertions (10, 33). In
addition, the MMEJ pathway also contributes to the formation
of end-to-end chromosome fusions (11). Given the prevalence
of these types of rearrangements in the genomes of cancer cells,
there is significant interest in understanding the contribution
of a-EJ to cancer formation and progression. Although the
majority of studies of genome instability have focused on the
nuclear genome, deletions within the circular mitochondrial
genome that have been implicated in a wide variety of human
diseases frequently occur between repeats and/or involve
microhomologies at the repaired site (76 –80). These observa-
tions suggest that a-EJ pathways may contribute to deleterious
changes in mitochondrial DNA, but our understanding of the
repertoire and mechanisms of DNA repair pathways, in partic-
ular DSB repair pathways, operating in mitochondria is still
very limited. Although there is compelling evidence that
LigIII� is the only DNA ligase in mitochondria (81–86) and
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mitochondrialextractsarecapableofutilizinginternalmicroho-
mologies to join DNA molecules with noncomplementary ends
(86), further work is needed to definitively establish the mito-
chondrial localization of other a-EJ factors, such as Pol � and
Mre11, and their participation in the repair of DSBs by a-EJ in
mitochondria (86, 87).

As noted previously, a-EJ is more readily detectable in cells
that are deficient in NHEJ (10, 31, 32). In mice, genetic inacti-
vation of NHEJ results in an increase in the frequency of chro-
mosomal translocations with evidence of microhomologies at
many of the ligation sites, indicative of joining by MMEJ (12,
65). As expected, mouse cells deficient in PARP-1, CtIP, or
LigIII� exhibit a reduced overall frequency of chromosomal
translocations and less use of microhomologies in the translo-
cations that do occur (65). Furthermore, p53-null mice that are
also deficient in NHEJ develop pro-B– cell lymphomas arising
as a consequence of chromosomal translocations between the
IgH and the c-myc loci with the repair junctions characterized
by insertions, deletions, and microhomology (88, 89). Together,
these results indicate that, in the mouse, the majority of trans-
locations in lymphoid cells likely occurs as a result of the joining
of DSBs generated by V(D)J recombination with DSBs gener-
ated by activation-induced cytidine deaminase and reactive
oxygen species at other chromosomal fragile zones (90) by
MMEJ, whereas NHEJ prevents tumor incidence by suppress-
ing translocation formation. Although there is compelling evi-
dence indicating that Pol � is an important contributor to
MMEJ (11, 13, 58), there are, however, contradictory reports
whether Pol �-dependent MMEJ enhances or prevents chro-
mosomal translocations (11, 13, 58, 61). As noted above, end-
to-end chromosome fusions are generated by Pol �-dependent
MMEJ (11). Although this activity is normally suppressed by
protective protein complexes at telomere ends and NHEJ (11),
the end-to-end fusion of chromosomes by Pol �-dependent
MMEJ may occur in response to telomere shortening during
cancer development.

In contrast to mouse cells (12, 65), the majority of transloca-
tions in human cells appears to arise as a consequence of the
repair of DSBs by NHEJ (91). It is possible that differences in the
relative contributions of NHEJ and A-EJ pathways to DSB
repair between mouse and human cells underlies this discrep-
ancy. For example, there is evidence that NHEJ is much less
active in mouse cells (92). It is likely that the frequency of trans-
location formation versus rejoining of previously linked ends is
different for each of the a-EJ pathways and that the contribution
of an individual a-EJ pathway to translocation formation will be
determined by a combination of the tendency of that pathway
to generate translocations and the contribution of that pathway
to DSB repair. For example, even if the repair of DSBs by NHEJ
results in a low frequency of translocations, the NHEJ pathway
will be responsible for most of the translocations produced if it
is the predominant DSB repair pathway. In addition, it is pos-
sible that the contribution of the individual a-EJ pathways to
translocation formation may differ depending on whether the
DSBs are generated by class switch recombination, site-specific
endonucleases, or other mechanisms.

A-EJ as a therapeutic target in cancer

The rational development of olaparib and other PARP inhib-
itors to selectively target HR-deficient breast and ovarian can-
cers in patients with an inherited predisposition for these
tumors (93–95) has stimulated efforts to design similar syn-
thetic lethal strategies for other cancers. As back-up pathways
for the major DSB repair pathways, the a-EJ pathways are
attractive potential therapeutic targets in cancers with defects
in either HR and NHEJ because inhibiting a-EJ is unlikely to
impact the growth and survival of normal tissues but should
sensitize the cancer cells that are more dependent on a-EJ path-
ways to repair DSBs generated by endogenous and/or exoge-
nous agents. In support of this model, reducing MMEJ by
knockdown or knockout of Pol � reduced the survival of both
HR- and NHEJ-deficient cells (11, 13, 58). Furthermore,
BRCA2-deficient tumor cells have higher steady-state levels of
Pol � (13), suggesting that MMEJ is up-regulated in these cells
to compensate for the HR defect, and knockdown of Pol �
enhanced the killing of HR-deficient cells by PARP inhibitors
(13), indicating that MMEJ enhances the survival of HR-defi-
cient cells by repairing replication-induced DSBs. Although
MMEJ inhibitors are likely to enhance the efficacy of PARP
inhibitors in HR-deficient tumors, there is a more urgent need
to develop reliable biomarkers to identify HR-deficient spo-
radic tumors that are likely to respond to PARP inhibitors.
Based on initial studies (13), Pol � expression levels appear to be
a promising indicator of HR status.

In contrast to HR, there is less evidence linking mutation of
NHEJ genes with genome instability in tumor samples. There is,
however, evidence of reduced expression of the NHEJ factors,
Ku, Artemis, and LigIV, and a compensatory increase in MMEJ
factors, PARP1 and LigIII�, in tyrosine kinase-activated leuke-
mias, breast cancer, and neuroblastoma (14 –16). Notably,
expression of either BCR-ABL1 or FLT3-ITD in nonmalignant
myeloid cell lines induces expression of c-MYC that in turn
enhances expression of the LIG3 and PARP1 genes by suppress-
ing expression of the microRNAs, miR-150 and miR-22 (96).
Furthermore, the extent of the change in the expression levels
of the DSB factors increases in imatinib-resistant chronic mye-
loid leukemia cells (16). An increase in the steady-state levels of
PARP1 and LigIII� was also observed in derivatives of an estro-
gen-responsive breast cell line that had acquired resistance to
either tamoxifen or an aromatase inhibitor (15).

The changes in steady-state levels of the DSB repair proteins
in the breast cancer and BCR-ABL1– expressing myeloid cell
lines correlated with changes in the relative contribution of
NHEJ and MMEJ to the repair of a transfected plasmid sub-
strate (15, 16). As expected, incubation of these cell lines with a
PARP inhibitor and an inhibitor of DNA ligases I and III
reduced the fraction of plasmids repaired by MMEJ (15, 16).
The cancer cell lines with dysregulated expression of the DSB
repair proteins exhibited sensitivity to the PARP and DNA
ligase inhibitors as single agents and in combination (14 –16).
Knockdown of LigIII� expression had similar effects to the
LigI/III inhibitor suggesting that the activity of the inhibitor is
due to inhibition of LigIII� rather than LigI (16). The synergis-
tic activity of the PARP and DNA ligase inhibitors observed in
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some cell lines (15) is difficult to reconcile with the inhibition of
two proteins in the same repair pathway. A recent study show-
ing that the DNA ligase inhibitor preferentially targets mito-
chondrial function in cancer cells (97) suggests that the synergy
may be due to effects on both mitochondrial DNA metabolism
and nuclear DNA repair.

Analysis of the expression levels of a-EJ and NHEJ genes in
neuroblastoma showed that high expression of PARP1, LIG3,
and LIG1 and low expression of LIG4 correlated with reduced
survival and higher stage disease (14). Furthermore, elevated
expression of both LIG3 and PARP1 was detected by RT-PCR in
bone marrow mononuclear cells from chronic myeloid leuke-
mia patients with imatinib-resistant and imatinib-sensitive dis-
ease (16). Notably, increased sensitivity to the combination of
PARP-1 and DNA ligase inhibitors was observed in cells with
elevated expression of both LIG3 and PARP1 (16). Taken
together, these results indicate that MMEJ is a promising ther-
apeutic target in cancers with elevated expression of genes
encoding key MMEJ factors and/or reduced expression of
genes encoding NHEJ factors.

Concluding comments

In contrast to the two major DSB repair pathways, HR and
NHEJ, the protein participants in and the molecular mecha-
nisms of the minor DSB pathways, known collectively as a-EJ,
are poorly defined. It had been suggested that a-EJ events did
not reflect the activity of distinct DSB repair pathways but
instead represented the action of a group of factors whose par-
ticipation was dictated by the nature of the defect in the NHEJ
or HR pathway. This view was based upon the observations that
the repair of DSBs by a-EJ was more evident in cells that are
deficient in either of the major DSB repair pathways and that all
of the factors initially implicated in a-EJ had major roles in other
DNA repair pathways. The recent demonstration that the
major cellular function of Pol � is in a-EJ indicates that there are
distinct a-EJ pathways. This is further supported by emerging
evidence that the a-EJ pathways contribute to DSB repair, even
when the major DSB repair pathways are active.

The role of the a-EJ pathways in the formation of large
genomic rearrangements, in particular translocations, that are
characteristic of cancer cells is an active area of investigation.
Although it is evident that the a-EJ pathways as well as the
NHEJ pathway are capable of contributing to this type of
genome instability, there are apparently contradictory pub-
lished findings. This may reflect differences in the utilization of
DSB repair pathways between mice and humans and between
different cell types. In addition, it is possible that the different
assays used to detect genome rearrangements may produce
different results. There is, however, compelling evidence that
human cancer cells with defects in either the HR or NHEJ path-
ways are more dependent upon a-EJ pathways, in particular
MMEJ for DSB repair, providing a rationale for the develop-
ment of therapeutic strategies that target the MMEJ pathway.
Furthermore, it appears that elevated expression of MMEJ fac-
tors, such as PARP-1, LigIII�, and Pol �, may serve as biomark-
ers for cancers with defects in the two major DSB repair path-
ways, thereby identifying the patient population whose disease
is likely to respond to inhibitors of MMEJ.
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Regulation of transcription in eukaryotic cells is a dynamic
interplay between chromatin structure and recruitment of a
plethora of transcription factors to enhancers, upstream activa-
tor sequences, and proximal promoter elements. These factors
serve to recruit RNA polymerase to the core promoter for
productive transcription. In this Thematic Minireview Series
on chromatin and transcription, five reviews summarize cur-
rent knowledge of diverse aspects of transcriptional regula-
tion and the role of chromatin structure in transcription and
development.

RNA polymerase II (pol II)2 is the enzyme responsible for
synthesis of protein-coding mRNAs and various noncoding
RNAs in eukaryotic cells. The key step in transcription is the
formation of the pre-initiation complex (or PIC), composed of
the Mediator co-activator complex, the general transcription
factors (GTFs), and RNA pol II, at core promoters (Fig. 1). RNA
pol II core promoters contain diverse DNA sequence elements,
such as the TATA box, B-response element (BRE), the down-
stream promoter element (DPE), and initiator element (INR),
which serve as binding sites for various GTFs (1). The “classical”
pol II promoter contains a TATA element �30 bp upstream of
the transcription start site, which is the binding site for the TBP
subunit of the GTF TFIID; however, many genes (perhaps
most) are TATA-less, but nonetheless utilize TFIID (or the
related SAGA complex (2)) and associated TBP-associated fac-
tors (TAFs) at an equivalent site upstream of the transcription
start site (reviewed in Refs. 1 and 3). Other components of the
PIC include TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH, and pol II
itself. Recent reviews have summarized structural studies that
have provided valuable insights into the mechanisms of assem-
bly of the PIC and the roles of each of the GTF in transcription
initiation and elongation by RNA pol II (4 –7).

In addition to the GTFs, another protein complex involved in
transcription of virtually all genes by RNA pol II is the Mediator
complex. Mediator, as the name implies, communicates signals
from activating transcription factors to the GTFs of the PIC and
RNA pol II. Mediator was first discovered by Kornberg and
colleagues (8) and shown to be essential for activated transcrip-
tion in vitro. Subsequently, Mediator was purified from yeast
and shown to be a multisubunit complex that directly interacts
with RNA pol II (9). Recent insights into the structural com-
plexity of Mediator are reviewed in this series by Harper and
Taatjes in their Minireview entitled “The complex structure
and function of Mediator” (10). Mediator complexes differ in
composition across species, and even in different cell types of a
single mammalian species. For example, yeast Mediator con-
tains 21 subunits (exclusive of a cyclin-dependent kinase (CDK)
module), whereas mammals have up to 26 subunits. Mediator
interacts with various activator proteins bound at enhancers
and proximal promoters and with the core transcription GTFs
and RNA pol II. Mediator is thought to be involved in chroma-
tin looping between enhancers and promoters (Fig. 1). Struc-
tural studies reviewed by Harper and Taatjes (10) show that
Mediator is composed of four main protein modules, the head,
middle, tail, and CDK module. Each of these modules in turn
is composed of various polypeptides. The CDK module is
believed to transiently interact with the core domains of Medi-
ator but dissociates to allow recruitment of RNA pol II to the
PIC. Both crystallographic and cryo-EM studies have been car-
ried out to elucidate the structures of each of these modules, as
well as the interactions of Mediator with GTFs, such as TFIIB
and TFIID, and RNA pol II. These studies and cross-linking
experiments show that polypeptides in the head and middle
modules, interact directly with RNA pol II, particularly the
C-terminal domain (CTD), whereas the tail module interacts
with upstream activators. Just how Mediator communicates
information from activators to the PIC and RNA pol II is
a subject of intense investigation (reviewed by Harper and
Taatjes (10)).

While Fig. 1 illustrates the “classical” view of an RNA pol II
promoter element and other regulatory sequences, more recent
studies have revealed striking complexity and diversity in tran-
scription in eukaryotic cells. Although there are only �20,000
protein-coding genes in the human genome, most of the
genome (�60%) is transcribed, and much of this transcription
comes from bidirectional transcription at gene promoters and
enhancer elements caused by distinct PICs. As part of this
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series, Meng and Bartholomew (11) review this complexity and
provide insights into the possible regulatory roles of noncoding
RNAs in their Minireview entitled “Emerging roles of transcrip-
tional enhancers in chromatin looping and promoter-proximal
pausing of RNA polymerase II.” Enhancer elements can be
located at distant sites (Fig. 1), both upstream and downstream,
from core promoters. Enhancers bind a variety of master tran-
scription factors (see below) and recruit chromatin-modifying
enzymes as well as the GTFs and RNA pol II to core promoters.
Enhancers are characterized by hypersensitivity to digestion by
DNase I, reflecting nucleosome-depleted DNA (just as at
promoters), and by association of the adjacent nucleosomes
with particular histone variants (e.g. H2AZ and H3.3) and par-
ticular histone post-synthetic modifications (e.g. H3K4me1 and
H3K27ac). Bidirectional transcription of short-lived, noncod-
ing enhancer RNA (eRNA) is a common feature of active
enhancers. Meng and Bartholomew (11) review current models
for how enhancers communicate with promoters of mRNA-
coding genes, including tracking, scanning, and looping mech-
anisms. These different mechanisms appear to depend upon
the distance between an enhancer and its regulated promoter.
The proteins responsible for communication between enhanc-
ers and promoters include Mediator, Cohesin, and lineage-spe-
cific TFs. Meng and Bartholomew also review the evidence for a
gene-regulatory role for eRNAs, including mediating chroma-
tin modifications at promoters, and whether eRNAs control
pausing of RNA pol II after initiation and the transition to pro-
ductive elongation.

The “pioneer” transcription factors, one class of TFs that
bind enhancers, are the subject of Mayran and Drouin’s Mini-
review entitled “Pioneer transcription factors shape the epige-
netic landscape” (12). Pioneer TFs have the property of being
able to bind to their cognate sites in the context of the nucleo-
some (13), whereas most transcription factors are unable to do
so. The first described pioneer factor HNF3 (also known as
FoxA), a winged-helix TF, was proposed to access the nucleo-
some by mimicking the binding of the linker histone H1 (14).

After binding, pioneer factors have been shown to recruit chro-
matin-modifying enzymes and ATP-dependent chromatin–
remodeling factors, causing opening of enhancers and promot-
ers for binding of additional transcription factors. Remarkably,
pioneer factors can also influence DNA methylation, which is
an epigenetic mark largely associated with gene silencing at
promoters. Pioneer TFs are essential for patterns of cellular
differentiation and activation of linage-specific genes. Mayran
and Drouin review the current understanding of how pioneer-
ing factors access condensed chromatin and mediate chroma-
tin opening and DNA methylation, as well as how these factors
are important for cell linage determination (12). One recent
example of the power of pioneer TFs is the reprogramming of
fibroblasts to induced pluripotent stem cells, where the epige-
netic landscape of somatic cells (fibroblasts) is changed by the
pioneer TFs to the induced pluripotent stem cells, with con-
comitant changes in gene expression. Although pluripotency
TFs may not share the same mechanism of chromatin binding
as HNF4, a common theme among the pioneering TFs is that
weak binding to nucleosomal sites is accompanied by a transi-
tion to stable binding and chromatin remodeling, allowing the
binding of other TFs and enhancer activation (12).

Chromatin modification states are also associated with gene
silencing, and one important histone mark associated with
repression is methylation of lysine 27 of histone H3, which is
mediated by a multisubunit complex called polycomb repres-
sive complex 2 or PCR2. Important roles for PRC2 have been
documented in X chromosome inactivation, imprinting, and
cell fate maintenance, especially stem cell fate. The evolution-
ary conserved PRC2 complex comprises four subunits: SUZ12,
EED, EZH1 or EZH2, and a histone-binding subunit. EZH2
harbors the histone methyltransferase activity of PRC2. PRC2
can both methylate H3K27 (mono-, di-, and trimethylation)
and also bind to trimethylated H3K27, leading to spreading of
this modification and hence repression along regions of chro-
matin. In their Minireview, entitled “Structure, mechanism,
and regulation of polycomb repressive complex 2,” Moritz and

Figure 1. A typical regulated gene. A typical protein coding mammalian gene bears multiple regulatory regions including one or more enhancers and a
promoter driving expression of a gene composed of multiple exons, introns, and a signal for polyadenylation. Enhancers are located usually 2–100 kb upstream
or downstream from the promoter, sometimes within introns but occasionally downstream of the poly(A) site. Promoters are subdivided into proximal and
core promoters. The proximal promoter is located within 2 kb upstream of the transcription start site (arrow). The core promoter is �80 –200 bp in length and
encompasses the transcription start site (arrow). Proximal promoters and enhancers contain specific DNA sequence motifs, which bind combinatorial arrays of
sequence-specific transcriptional activators that, in turn, recruit co-activators such as Mediator or EP300. The core promoter is composed of different combi-
nations of a series of DNA elements including the TATA box, the INR, the DPE, and others (1). These DNA elements collectively bind to TBP and the TAFs, which
tether the other general transcription factors, Mediator and pol II, at the start site. This complex of GTFs, pol II, and Mediator is commonly termed the pol II PIC.
Chromatin loops form between the proteins bound at the enhancer and promoter during gene activation. The gene and its regulatory elements are often
flanked by boundary elements or insulators, which in mammals typically bind to the sequence-specific factor CCCTC-binding factor (CTCF). CTCF recruits the
Cohesin complex, which catalyzes the formation of a chromatin loop encompassing the gene, the promoter, and its enhancers. This loop spatially sequesters
or insulates the gene and its regulatory elements, preventing its enhancers from acting on the promoters of flanking genes and vice versa.
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Trievel discuss the importance of the PRC2 complex in cellular
differentiation and development, as well as the high-resolution
structural studies that have been performed on this complex
and its subunits (15). The results of these studies have yielded
valuable insights into the catalytic mechanism of the histone
methyltransferase subunit EZH2, its allosteric regulation, and
development of novel classes of methyltransferase inhibitors.
Structural studies reveal that these pyridone inhibitors bind to
the SET domain of EZH2 and compete with binding of S-ad-
enosylmethionine, the methyl donor in the methyltransferase
reaction. These compounds and other EZH2 inhibitors may
have benefit as cancer therapeutics because PRC2 overex-
pression and mutations are associated with a variety of human
cancers. Also, mutation of H3K27 to methionine has been asso-
ciated with pediatric brain cancers and shown to widely inhibit
PRC2 activity (16), demonstrating the critical importance of the
PRC2 complex in human health and disease.

The genome of mammalian male germ cells (sperm) is pack-
aged in a manner that is substantially different from that of
somatic cells and even oocytes. Early studies found that essen-
tially all of the histone proteins in the developing spermatocyte
are replaced by smaller basic proteins called protamines, and
hence the epigenetic information contained in histone post-
translational modifications was thought to be lost in male gam-
etes. Contrary to early work, more recent studies suggest that
up to �8% of sperm chromatin is packaged in nucleosomes.
Using current genome-wide mapping techniques, a number of
labs have probed histone and transcription factor occupancy
and DNA methylation in mammalian sperm. For example, one
study showed that many promoters in mouse sperm are flanked
by well-positioned nucleosomes marked by active histone mod-
ifications and that some transcription factors are also retained
(17). In their Minireview entitled “Not just heads and tails: The
complexity of the sperm epigenome” (18), Gold, Jung, and
Corces provide an up-to-date overview of the epigenetic land-
scape in developing sperm, suggesting that sperm do carry reg-
ulatory information for gene expression during the early stages
of zygote development. This information resides not only in
histone post-synthetic modifications but also in three-dimen-
sional chromatin architecture. The phenomena of transgenera-
tional inheritance may be explained, at least in part, by the
preservation of chromatin marks in male germ cells (reviewed
in Refs. 17 and 19). The Editors of the Journal hope that
this Thematic Minireview Series will spark new directions in
research in chromatin and transcription, and lead to important
new publications in the Journal.
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In eukaryotes, RNA polymerase II (pol II) transcribes all pro-
tein-coding genes and many noncoding RNAs. Whereas many
factors contribute to the regulation of pol II activity, the Medi-
ator complex is required for expression of most, if not all, pol II
transcripts. Structural characterization of Mediator is challeng-
ing due to its large size (�20 subunits in yeast and 26 subunits in
humans) and conformational flexibility. However, recent stud-
ies have revealed structural details at higher resolution. Here, we
summarize recent findings and place in context with previous
results, highlighting regions within Mediator that are important
for regulating its structure and function.

Regulation of RNA polymerase II (pol II)2 transcription in
eukaryotes is carried out in many ways, from the DNA sequence
and chromatin architecture to recruitment and regulation of
large protein assemblies at the promoter (1, 2). Central to this
regulation is the multisubunit Mediator complex, which
appears to communicate regulatory inputs from DNA-binding
transcription factors and promoter-bound complexes directly
to the pol II enzyme. Mediator functions within the so-called
preinitiation complex (PIC), which assembles at transcription
start sites and regulates pol II recruitment and activity (3). The
PIC contains Mediator, pol II, and the general transcription
factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (4 –6).
Although Mediator is generally conserved across eukaryotes,
its sequences and subunit composition have diverged signifi-
cantly (7). As shown in Table 1, in the yeast Schizosaccharomy-
ces pombe, Mediator consists of 19 subunits and is �0.8 MDa in
size, whereas in Saccharomyces cerevisiae, Mediator contains
21 subunits with a molecular mass of �0.9 MDa. By compari-
son, human Mediator contains 26 subunits (�1.4 MDa), with
five subunits (MED23, MED25, MED26, MED28, and MED30)
that appear to be metazoan-specific.

Based upon initial two-dimensional projections of the com-
plex, yeast Mediator has been divided into three structural

modules called the head, middle, and tail (8). These designa-
tions required redefinition upon further study (9, 10), but they
have conceptually guided biochemical reconstitution experi-
ments that have greatly enhanced structural characterization of
yeast Mediator complexes. Recent high-resolution structural
data have shown how the head and middle modules interact
with each other (11, 12). It remains to be established whether a
similar structural architecture persists in human Mediator, but
initial results suggest that the basic architectural framework is
conserved (9, 13).

In addition to its large size, Mediator is structurally dynamic.
Mediator subunits contain many intrinsically disordered
regions (14), which have complicated its structural character-
ization. Moreover, a four-subunit kinase module (containing
MED12, MED13, CDK8, and CCNC) can reversibly associate
with Mediator, which adds to its structural and functional com-
plexity. Whereas electron microscopy (EM) was initially able to
establish basic structural features at low resolution (15–17),
higher resolution data of the complex were lacking, until
recently. Over the past 6 years, starting with work from Takagi
and co-workers (18), the structural features of the Mediator
complex have begun to come into focus (19). Most of the high/
intermediate resolution data are derived from yeast Mediator
(S. pombe or S. cerevisiae) through the use of X-ray crystallog-
raphy, cryo-EM, and cross-linking mass spectrometry (CXMS).
In this Minireview, we summarize the more recent structural
studies and place them in context with previous findings.
Throughout, we highlight regions within Mediator that are
highly interconnected and/or appear to be especially important
for regulating its structure and function.

MED14, a backbone for Mediator

In the yeast Mediator structure (S. cerevisiae or S. pombe),
Med14 has been shown to play an essential role in holding the
entire assembly together. Med14 makes contacts with all three
modules of Mediator (head, middle, and tail) and serves as a
backbone (Fig. 1) for the entire complex (9, 11, 12, 20, 21).
Med14 interacts with numerous middle module subunits and
contacts Med17, Med6, and Med20 in the head module (Fig.
1B). The Med17–Med14 interface is extensive (�3000 Å2, Fig.
1C), and the Med14 –Med20 contact appears crucial to stabilize
the head orientation. Med14 also appears to contact the tail
module subunits Med2 and Med15 through its C terminus (12,
21, 22). As a highly interconnected backbone, Med14 may help
direct structural changes throughout the Mediator complex
(see below). The structural architecture of yeast Med14 appears
to be conserved in the human Mediator complex (9). By recon-
stituting a sizable portion of the human Mediator complex (15
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subunits), Roeder and co-workers (13) showed MED14 cross-
linked to subunits assigned to either the head or middle mod-
ules, and MED14 was able to biochemically associate with head,
middle, or tail subunits.

MED17 as structural hub

A key structural role for Med17 in yeast Mediator was
inferred through genetic studies that identified a Med17 tem-
perature-sensitive mutant strain (srb4-138) that de-stabilized
the entire complex at the nonpermissive temperature (23, 24).
Med17 comprises the largest contact between the head and the
rest of the Mediator structure (9) and appears to form an exten-
sive head–tail interface that mostly involves contacts with the
C-terminal region of Med14 (11, 12). CXMS and structural data
reveal an extensive set of intersubunit interactions for Med17
(Fig. 1B) that include head module subunits Med6, Med8,
Med11, Med18, and Med22 (20 –22, 25). In addition, the N
terminus of Med17 helps tether the head and middle modules
through interactions with Med4, Med14, and Med7C and
Med21 (11, 12, 21). Perhaps most striking about Med17 is its
extensive set of contacts with Med14 (11, 12), the “backbone” of
yeast Mediator that connects head, middle, and tail modules
(Fig. 1C). Consistent with the role of MED17 as a structural
hub, Roeder and co-workers (13), through reconstitution of a
15-subunit “core” human Mediator assembly, identified an

extensive set of cross-links between MED17 (especially toward
the N-terminal portion of the 651-residue MED17 protein) that
included MED6, MED8, MED11, MED22, and the metazoan-
specific subunit MED30.

Arm, spine, hook, and knob

The arm domain, as defined in yeast Mediator, consists of a
four-helix bundle with residues from the Med6, Med8, and

Table 1
Overview of Mediator subunits from Homo sapiens (Hs), S. cerevisiae
(Sc), and S. pombe (Sp)
Subunits specific to humans are shown in bold font; subunits in red font were
originally considered metazoan-specific (76) but later assigned orthologs in yeast
(77).

Figure 1. Subunits Med14 and Med17 are Mediator structural hubs. A,
ribbon model for Med14 (left) and Med17 (right) shown super-imposed on the
cryo-EM map of the “head � middle” Mediator structure (S. pombe). General
location of tail domain (currently not resolved at high resolution) is indicated
with text. B, summary of Med14 (gray, left) and Med17 (green, right) intersub-
unit contacts in Mediator, with a rough approximation of subunit proximity
and interfaces, based upon structural data from Asturias and co-workers (12)
and Cramer and co-workers (11). Green font corresponds to head module
subunits, and gray font corresponds to middle module. Med3 is a tail module
subunit. Note that Med14 –Med17 interactions are not shown. C, Med14 and
Med17 form extensive contacts, especially toward their C-terminal regions.
Shown are ribbon models of the polypeptide backbone for Med14 (gray) and
Med17 (green). Structures are from PDB 5N9J (11) and are constructed as
shown in PyMOL.
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Med17 subunits (25). The arm resides in the head module and is
adjacent to the spine and shoulder (Fig. 2A). The arm domain is
important for binding the pol II CTD; a co-crystal structure of a
35-residue (five heptad repeats) pol II CTD and the S. cerevisiae
head domain showed a CTD interaction surface involving �-
helices within the arm domain (Med17 and Med8), as well as
interactions with the adjacent shoulder domain (Med6) (20, 22,
26). These findings are consistent with subsequent structural
studies with S. pombe Mediator (12). The spine represents
another highly interconnected structural element in yeast
Mediator and contains seven �-helices (25). Portions of the
Med6, Med8, Med11, Med17, and Med22 subunits make up the
spine; moreover, through the spine’s Med6 C terminus, it inter-
acts with a structural element called the knob (11, 12), a com-
ponent of the middle module that is also implicated in pol II
CTD binding (see below).

Whereas the arm and spine reside in the yeast Mediator head
module, the middle module (Fig. 2B) contains the hook and
knob domains (11, 12, 20). The hook represents a large and
extensively interconnected domain located at one end of the
yeast Mediator complex, opposite the tail module. The hook
contains structural motifs from six different yeast Mediator
subunits: Med4C (C-terminal); Med7; Med10; Med14N (N-ter-
minal); Med19; and Med21N (11, 12). Within a minimal PIC,
the Mediator hook helps form a “cradle” that likely accommo-
dates the large TFIIH complex (20). TFIIH contains a kinase
(CDK7; Kin28 in S. cerevisiae) that phosphorylates the pol II
CTD, and CXMS data suggest that the Mediator hook (i.e. its
Med19 subunit) may be involved in binding the pol II CTD (20,

22). Interestingly, the hook also appears to play a role in binding
the CDK8 module (9, 27), which is a four-subunit complex
(containing CDK8, CCNC, MED12, and MED13) that stably
and reversibly associates with Mediator (7, 17, 28). CDK8 mod-
ule binding to Mediator is mutually exclusive with Mediator–
pol II binding (27, 29, 30), and an interaction between the hook
and the Cdk8 module might occlude a Mediator–CTD interac-
tion surface, which could serve as a means by which the Cdk8
module prevents Mediator–pol II interaction (27).

The knob consists of regions from the Med4, Med7N (N-ter-
minal), Med14, and Med31 subunits. The knob helps connect
the middle and head module (Fig. 2C) through Med31–Med8
and Med4 –Med6 interactions (11, 12) and also appears to
interact with the pol II CTD upon formation of the yeast
holoenzyme (Mediator–pol II complex) (12, 22). Both yeast and
human Mediator have been shown to stimulate TFIIH-depen-
dent phosphorylation of the pol II CTD (31–34). The multiple
Mediator–pol II CTD interactions, involving the arm, shoulder,
hook, and knob domains, likely play a role by optimally posi-
tioning the CTD for phosphorylation by TFIIH. In S. cerevisiae,
the knob domain subunit Med31 is also implicated in Mediator
association with the TREX-2 complex, which regulates mRNA
export through the nuclear pore (35). Phosphorylation of the
pol II CTD (e.g. by TFIIH) disrupts Mediator–pol II interac-
tions (36, 37), providing a means for pol II release and TREX-2
association. In this way, the knob domain could serve as a plat-
form for exchange of factors involved in transcription initiation
and RNA processing.

Figure 2. Overview of yeast Mediator head and middle modules. A, head module structural domains, based upon designations from Cramer and co-work-
ers (11). B, middle module structural domains, based upon data from Asturias and co-workers (12) and Cramer and co-workers (11). C, two views of the middle
and head modules together (S. pombe). Domains are colored as in A and B. Structures built from PDB 5N9J (11) using PyMOL.
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Structural interfaces between head and middle modules

Initial high-resolution data for yeast Mediator included the
head module (18, 25, 26) and a subset of middle module sub-
units (38, 39). Recently, however, high-resolution cryo-EM and
crystal structure data have become available for S. pombe Medi-
ator that have included intact head and middle modules (11,
12). These data have revealed extensive interfaces that involve
Med20 –Med14, Med17–Med14, Med8 –Med31, Med6 –
Med4, Med6 –Med10, and Med6 –Med19, for head–middle
module subunits, respectively (Fig. 3A). Additionally, the C ter-
minus of Med6 and the N terminus of Med17 serve as “tethers”
linking the head and middle modules, through their interac-
tions with the Med14 backbone. Notably, the head–middle

module interface appears to be flexible, and many functionally
defective mutants map to head–middle protein–protein inter-
faces (11). This suggests that structural shifts are important for
Mediator function and may involve rotation or sliding along
head–middle interfaces.

MED13, linking Mediator and the CDK8 module

Studies in both human and yeast have revealed a key role for
MED13 in physically linking the CDK8 module to the Mediator
complex (27, 30). Asturias and co-workers (27) provided evi-
dence that the Cdk8 ortholog in yeast Mediator (srb10 in
S. cerevisiae) can also directly contact Mediator, but it does not
form a stable interaction on its own. Although current struc-
tural data for CDK8 module–Mediator complexes are low-res-
olution, the structural interface involving MED13 may be
extensive, especially for the human complex (30). Based upon
cryo-EM data with yeast Mediator, it appears that the Med13
interface may involve the hook domain subunits Med19 and
Med14 (9, 27). CXMS data from Roeder and co-workers (13)
suggest MED19 and MED14 form a similar structural domain
in human Mediator. Moreover, MED14 was observed to co-
purify with CDK8 modules purified from human cells (40).
Collectively, these results suggest that structural aspects of
CDK8 module association with Mediator may be conserved
between yeast and humans, but additional data are needed
for verification.

Although little is known about the structure of the MED12 or
MED13 subunits of the CDK8 module (human subunits are
each �250 kDa), crystal structures of the human CDK8 –
CCNC dimer have been obtained and reveal expected struc-
tural features for a cyclin-kinase dimer (41). A rough outline of
the subunit organization has been obtained for the yeast Cdk8
module, which indicates a structural role for Med12 to connect
the Cdk8 –Ccnc dimer to Med13 (27). In agreement, biochem-
ical experiments suggest that human MED12 is important for
stabilizing the CDK8 –CCNC association within the module,
through physical association with CCNC (42). A MED12–
CCNC interaction may explain why MED12 is required to acti-
vate human CDK8 kinase activity (40).

Association of Mediator with pol II is mutually exclusive with
the CDK8 module (17, 43, 44), suggesting CDK8 module–
Mediator association regulates pol II recruitment to gene
promoters. Recent data from yeast support this idea and also
suggest that the Cdk8 module could help form or stabilize
short-range DNA upstream activating sequence (UAS) interac-
tions with promoters in yeast (45, 46). Given the high-affinity
binding of Mediator for the pol II CTD, shown for human and
yeast complexes (22, 47), it is remarkable that upon Mediator–
CDK8 module binding, the Mediator–pol II interaction is
blocked (27, 29, 30). This suggests that the multiple pol II
CTD interaction sites within Mediator become blocked,
through conformational changes or physical occlusion by the
CDK8 module (or both). Low-resolution structural data with
human complexes suggest that conformational changes upon
Mediator–CDK8 module interaction block pol II binding (17,
30). By contrast, in yeast, structural data suggest direct, physical
occlusion that may involve interactions not only with Med13
but also Cdk8 (27, 29).

Figure 3. Interfaces between yeast Mediator head and middle modules;
Mediator–pol II CTD interactions. A, overview of S. pombe Mediator head �
middle modules with individual subunits shown in different colors. Head–
middle interfaces are indicated with boxed regions I–VI as follows: I, Med20
(yellow) and Med14 (gray); II, Med17 (green) and Med14; III, C-terminal helix of
Med6 (dark blue) and Med14; IV, Med17 N terminus with Med14 and Med21
(lavender); V, Med6 and Med8 (magenta) interaction with Med4C, Med7N, and
Med31 subunits of knob domain; and VI, Med6 interactions with the hook
domain subunits Med10 (light blue) and Med19 (red). B, S. pombe Mediator
head � middle structure (view rotated 180° from left panel in Fig. 2C) that
highlights pol II CTD interaction surface (boxed). Domain colors are as shown
in Fig. 2C. C, model of the pol II CTD (red) and its contacts with the knob
domain (Med31 and Med14 NTD) and the arm (Med17 and Med8) and shoul-
der (Med6) domains. The schematic in C reflects the structural shift that
accompanies CTD–Mediator binding, as noted by Asturias and co-workers
(12). Figures were generated in PyMOL, and Mediator structures are from PDB
5N9J (11) and 5U0S (12), and pol II CTD structure is from PDB 5SVA (22).
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Mediator interactions with RNA polymerase II

Initial low-resolution EM reconstructions of Mediator–pol
II assemblies from both yeast and humans provided evidence
for an extensive network of protein–protein interactions
between these complexes (8, 48 –50). Based upon more recent
work from yeast, some of these interactions have become more
clearly defined.

The structural data with yeast Mediator are generally consis-
tent and reveal several key interfaces with the pol II enzyme.
The most well-established, and likely the most important,
Mediator–pol II interaction involves the CTD of the Rpb1 sub-
unit of pol II. Using S. cerevisiae head module crystals soaked in
CTD peptide (five heptad repeats), Kornberg and co-workers
(26) were first to show structural evidence for pol II CTD inter-
action with Mediator subunits Med6, Med8, and Med17. These
data suggested a path for the long, flexible CTD along the Medi-
ator arm and shoulder (Fig. 3, B and C). Later, in a remarkable
series of experiments, Kornberg and co-workers (22) demon-
strated that yeast (S. cerevisiae) Mediator binds the pol II
enzyme with sub-nanomolar affinity and that removal of the
CTD decreased pol II binding affinity for Mediator by several
orders of magnitude. This high-affinity Mediator–pol II CTD
interaction appears to be conserved in human Mediator (47),
although precise binding affinity measurements have not been
completed with human factors.

In addition to Med6, Med8, and Med17, the knob domain
(middle module in yeast Mediator) appears to interact with the
pol II CTD in a structurally rearranged state induced by forma-
tion of a stable holoenzyme (i.e. a Mediator–pol II complex)
(12, 22). Cryo-EM data from Asturias and co-workers (12) indi-
cates a Mediator structural shift upon pol II binding. This struc-
tural shift repositions the head and middle modules and
appears to trigger new Mediator interactions with the pol II
CTD and the pol II foot domain. In particular, the knob domain
shifts and rotates toward the spine and shoulder to facilitate
interaction with the pol II CTD, which maintains interactions
with Med6, Med8, and Med17 (Fig. 3C). Also, the Med4 –Med9
“plank” domain (middle module, Fig. 2, B and C) shifts to con-
tact the foot domain of Rpb1 (12). These structural changes can
be attributed primarily to Med14, whose role as a central back-
bone for Mediator allows it to control relative orientations of
the head and middle modules simultaneously. Biochemical and
genetic data also support an interaction between the yeast
Mediator knob domain and the pol II CTD. Deletion of Med31
(a knob domain subunit) is synthetic lethal with pol II CTD
truncations (51) and Med31 mutation or deletion reduced
Mediator–pol II association in biochemical assays (12).

Conaway and co-workers (52) provided additional evidence
supporting structural changes in stabilizing Mediator–pol II
interactions. Deletions or point mutations in the Mediator
hinge domain (Med7C–Med21), which interacts with the knob,
prevented stable Mediator–pol II association. The hinge is
structurally dynamic and links the hook with a “connector”
domain (Fig. 2, B and C) that connects the hook with the plank
(Med4 –Med9) (11). The connector contains two long �-heli-
ces, one from Med7 and one from Med21. The structural flex-
ibility and placement of the hinge between the connector and

the base of the hook may enable re-positioning of the hook,
knob, and plank domains during Mediator–pol II binding (12).

Additional Mediator–pol II interactions involve the arm
domain subunits Med8 and Med17, which form an interface
with the pol II subunit Rpb4 (20) that, together with Rpb7,
comprises the pol II stalk (53). Other Mediator head module
interactions with pol II involve Med20 and the pol II subunit
Rpb3, and the pol II dock domain (Rpb1) with Med18 and
Med20 (12, 20). Using CXMS, Cramer and co-workers (20) and
Kornberg and co-workers (22) identified cross-links between
the C terminus of Med14 and the pol II subunit Rpb11. Because
the Med14 C terminus connects to yeast Mediator tail module
subunits (21), this result is consistent with localization of the
tail along the “back” of the pol II enzyme, as shown in recent
structural models (12, 20, 22).

Although it is clear that Mediator interacts extensively with
the pol II enzyme, Mediator also broadly regulates the assembly
and function of the entire PIC (54 –57). Much remains
unknown about the molecular mechanisms by which Mediator
controls the structure and function of the PIC; however, key
details continue to emerge (58), mainly from experiments with
yeast factors. Cryo-EM analysis of a minimal yeast initial tran-
scribing complex containing promoter DNA and a short RNA
template, pol II, TBP, TFIIF, TFIIB, and a 15-subunit core
Mediator complex showed evidence that Med18 interacts with
the B-ribbon of TFIIB (20). Furthermore, CXMS experiments
have identified cross-links between Med19 (hook domain in the
middle module) and the pol II CTD (20, 22). The Mediator
hook, arm, and plank (Med4 –Med9) domains help form a “cra-
dle” that appears important to accommodate TFIIH assembly
within the PIC (20). This structural organization, combined
with pol II CTD association with the arm, knob, and hook
domains, may explain how Mediator stimulates pol II CTD
phosphorylation by the TFIIH-associated kinase (yeast
Kin28; human CDK7).

Structural studies show that Mediator is a moving target

Understandably, much effort has been devoted toward find-
ing consistency among Mediator structures studied by different
labs, and the results have generally been consistent for the
higher-resolution data available for yeast Mediator. However,
Mediator is structurally dynamic; the tail domain of yeast Medi-
ator remains unresolved at higher resolution due to its confor-
mational heterogeneity (12, 21), and modest structural changes
can even be observed in different crystals derived from the same
purified complexes (25). Computational analyses with human
and yeast Mediator subunit sequences reveal unusually high
percentages of intrinsically disordered regions within its sub-
units (14). Asturias and co-workers (12) and Kornberg and co-
workers (8) have provided evidence that yeast Mediator under-
goes coordinated structural shifts upon binding the pol II
enzyme, and structural shifts are also evident with the human
Mediator complex upon binding pol II (47–49). Moreover, both
yeast and human Mediator complexes appear to undergo struc-
tural shifts upon interaction with the activation domains of
DNA-binding transcription factors (9, 17, 32, 59). Collectively,
these findings reveal that Mediator structure is context-depen-
dent and that its structural state may change upon interaction
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with other proteins (e.g. DNA-binding transcription factors or
the pol II CTD). For these reasons, Mediator is a “moving tar-
get” in structural biology, which is both appealing and con-
founding (60).

Nogales and co-workers (61) observed that human TFIID
undergoes structural rearrangements in which an �400-kDa
subassembly (consisting of the subunits TAF1, TAF2, and TBP)
can spontaneously sample two different interfaces within the
TFIID complex, each separated by about 100 Å. These distinct
locations for the TAF1/TAF2/TBP subassembly had functional
consequences, and one specific rearranged state was stabilized
upon binding the PIC factor TFIIA and promoter DNA (61). It
is not known whether Mediator, a complex of similar size to
TFIID, can undergo this type of structural rearrangement;
however, Mediator subcomplexes that may undergo structur-
al rearrangements similar to those observed with human
TFIID include the CDK8 module and the tail module. The
CDK8 module reversibly interacts with Mediator (27, 30,
62– 64) and appears to associate via the flexible hook domain in
yeast (27); the tail module is highly dynamic and contains the
subunits Med2, Med3, Med5, Med15, and Med16 (S. cerevi-
siae). Whereas crystal structure and cryo-EM data reveal that
the head and middle modules can be fairly rigid, the tail module
is unusually flexible in yeast Mediator, precluding its structural
characterization at higher resolution (12, 21).

Structural transitions appear to be essential for Mediator
function as a regulator of pol II transcription. For example,
many functionally defective or lethal mutations identified from
yeast genetics experiments map to flexible domains or inter-
faces within Mediator (11, 25). In cells, DNA-binding transcrip-
tion factors are the primary regulators of pol II activity across
the genome (65). Yet, in eukaryotes, transcription factors do
not directly interact with pol II but instead communicate their
regulatory signals through complexes such as Mediator. Con-
formational changes in Mediator, induced by transcription fac-
tor binding, correlate with activation of pol II transcription in
vitro (32). In agreement, Roeder and co-workers (13) were able
to show that MED14 was required for basal and activated tran-
scription in vitro. Because yeast Med14 appears to be essential
to direct structural shifts needed for stable pol II association
(12), these in vitro functional data collectively suggest that
structural changes (e.g. mediated through MED14) are required
for Mediator-dependent activation of pol II transcription. The
potential for multiple distinct, functionally relevant structural
states for Mediator is high, given that its conformation changes
upon interaction with DNA-binding transcription factors (e.g.
p53, SREBP, and Gcn4) and given its extensive set of interac-
tions within the PIC. Mediator–PIC interactions are certain to
change during pol II transitions from PIC assembly, initiation,
and promoter escape; accurately characterizing Mediator
structure during these transcription initiation stages will be an
important but challenging endeavor.

Concluding remarks

As our understanding of Mediator structure continues to
expand, it will be important to link these findings to a more
detailed understanding of Mediator function and mechanism.
Studies with yeast Mediator can draw upon extensive genetic

data that have linked mutations or deletions to specific func-
tional defects in vivo. In parallel, clinical data continue to link
human Mediator subunits to specific types of cancer or devel-
opmental diseases. Whereas these types of data can help
validate key functional roles, it is equally important that
structure–function relationships are tested further, not only
with cell-based and in vivo studies but also with in vitro exper-
iments. In vitro studies should be especially informative
because mutations that affect key structural interfaces in Medi-
ator are likely to yield cell lethal phenotypes whose functional
roles might only be reliably assessed with in vitro assays. More-
over, because of the high level of experimental control (e.g. fac-
tor titration, rapid timing, and order of addition), in vitro assays
can better assess precise molecular mechanisms that can be
difficult, if not impossible, to determine with cell-based tech-
niques. Given the innovations in cryo-EM data collection and
image processing (66 –68), combined with advances in struc-
tural proteomics techniques (69, 70), it is an exciting time for
structural biology. Biophysical and functional analysis of Medi-
ator in different contexts will continue to yield important
mechanistic insights that should be increasingly relevant for
human disease and the development of molecular therapeutics
(71–75).
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Initiation and regulation of transcription by RNA polymerase
II (RNAPII) in eukaryotes rely on the transcriptional regulatory
elements. Promoters and enhancers share similar architectures
and functions, and the prevailing view is that they can initiate
bidirectional transcription. We summarize functional roles of
enhancer transcription and possible mechanisms in enhancer–
promoter communication. We discuss the potential roles of
enhancer RNAs (eRNAs) in early elongation and highlight that
transcriptional enhancers might modulate the release of paused
RNAPII via 3D chromatin looping. Emerging evidence suggests
that transcriptional enhancers regulate the promoter-proximal
pausing of RNAPII, a key rate-limiting step required for produc-
tive elongation.

Mammalian promoters are predominantly bidirectional

Early biochemical studies defined the classical promoter as a
DNA region required for the accurate initiation of gene expres-
sion (1). In yeast, most promoters contain at least one or several
components needed for gene activation: an initiator element, a
TATA box, and a downstream core promoter (2). Together,
these elements ensure the precise assembly of the basal tran-
scription machinery. Accordingly, the minimal DNA region
surrounding the transcription start site (TSS)3 necessary for
initiating transcription of a gene is called the core promoter.
Before the genomic era, the terms promoter, core promoter,
and TSS were used interchangeably, particularly to describe in

vitro transcription initiation (3) and the unidirectional tran-
scription of protein-coding genes.

Recent genomic studies have unexpectedly found that more
than 60% of the human genome is transcribed, but less than 2%
of that transcription originates from coding genes (4, 5). Some
of this noncoding transcription can be accounted for by bidi-
rectional transcription taking place near coding genes. It is
now recognized that in mammals, the TSSs of genes encoding
mRNA frequently generate a pair of oppositely oriented tran-
scripts originating near the same region (6, 7). The unstable,
noncoding transcripts originating upstream of the promoter
are called promoter upstream transcripts, or PROMPTs (8–13).
The paired, bidirectional transcripts are most often generated
from genomically accessible regions that display DNase I
hypersensitivity. These DNase I hypersensitive sites (DHSs) are
typically depleted of nucleosomes, the fundamental subunit of
chromatin, resulting in nucleosome-depleted regions (NDRs)
or nucleosome-free regions (NFRs). Bidirectional transcripts
from mammalian genomes typically originate from either end
of an NDR but are not scattered throughout the NDR (7, 9, 13,
14). This led to a new understanding of mammalian promoters
as NDRs that support bidirectional transcription initiated from
two oppositely oriented core promoters (3, 15). Either side of
the core promoter can facilitate the assembly of RNA polymer-
ase II preinitiation complexes (PICs) (Fig. 1, upper panel).

The pervasiveness of bidirectional promoters in mammalian
systems raises several crucial questions. Are there distinct bio-
logical functions for bidirectional promoters in contrast to uni-
directional promoters? What are the specific and common fea-
tures of bidirectional promoters compared with unidirectional
promoters? Do certain classes of bidirectional promoters and
their modularity have specific functional properties in terms of
DNA sequence consensus and the general transcription factors
that bind to them? For example, it will be important to deter-
mine the bidirectional modular differences, if any, between
active promoter modules of SAGA and TFIID-dependent
genes. TATA-binding protein (TBP) preferentially binds
“TATA-less” promoters when it is part of the multisubunit
TFIID complex (16), whereas the SAGA complex directs TBP
to promoters with obvious TATA sequences when TBP is
absent from the TFIID complex (17–19). In yeast, “TATA-less”
promoters predominate (about 80 –90% of all genes), and are
more prevalent among ubiquitously expressed “housekeeping”
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genes (20 –22). In contrast, obvious TATA boxes are present at
only some promoters that switch between repressed and highly
active states, a phenomenon seen in many “developmental
genes” (23). Chromatin immunoprecipitation combined with
exonuclease digestion (ChIP-exo) was used to map the sites
engaged by PICs at high resolution in Saccharomyces cerevisiae
(16). This study revealed that two distinct modes of mRNA
transcription initiation may exist, depending upon the relation-
ship to the �1 nucleosome near promoters. The first nucleo-
some in the transcribed region often blocks access to promoters
containing obvious TATA boxes. Such promoters may then
depend on the SAGA complex to facilitate nucleosome removal

for the efficient binding of TBP, RNAPII, and its associated
factors. In contrast, in TFIID-dependent promoters, the �1
nucleosome is located downstream of the TSSs. In this case,
TBP-associated factors form TFIID with TBP, and interact with
DNA sequences downstream of a noncanonical, TATA-like
consensus sequence that differs from a TATA box by two or
more bases (16). Despite these findings, more recent studies
argue against distinct classes of SAGA- and TFIID-dependent
genes (24, 25). Warfield et al. (25) found that nearly all yeast-
coding genes strongly depend on TFIID at both TATA and
TATA-less promoters. SAGA complexes were found at the reg-
ulatory regions of both SAGA- and TFIID-dominated genes

Figure 1. Features of bidirectionally transcribed promoters and enhancers and their associated chromatin modification states. Both active promoters
and distal enhancers are divergently transcribed. Core promoters within flanking nucleosomes recruit independent PICs formed by general transcription
factors (GTFs) and RNAPII to initiate transcription in the sense and antisense direction. TFs facilitate the recruitment of PICs for transcription initiation.
Transcription progresses from the initiation sites at core promoters and pauses at the boundary of the NDR. Bivalent promoters are normally associated with
both activating (H3K4me3) and repressing (H3K27me3) epigenetic histone modifications, whereas H3K4me3 is highly enriched at active promoter regions. In
contrast, silent/inactive promoters are marked by either short-term repressive histone modifications such as H3K9me3 and H3K27me3 or the long-term
silencing mark of CpG DNA. The proximal pausing of RNAPII contributes to the productive elongation of both sense mRNA transcripts and upstream antisense
transcripts (e.g. PROMPTs). Transcription at active enhancer regions is more prominently bidirectional, although the resulting eRNAs usually exhibit lower
expression levels than mRNAs. Unlike mRNAs, eRNAs are subject to exosome-dependent degradation and therefore are short and unstable. Poised enhancers
are bound by co-activators and are associated with H3K27me3 but not H3K27ac, whereas active enhancers are marked with H3K4me1 and H3K27ac and are
bound by both TFs and co-activators. By contrast, primed enhancers are associated with H3K4me1 but not H3K27ac. In general, high levels of H3K27ac mark
functionally active enhancers, whereas poised or inactive enhancers are flanked by nucleosomes marked with H3K27me3. Although not shown here,
H3K36me3 and H3K79me2/3 at promoters and enhancers marked by H3K79me2/3 have also been observed. Pol II, polymerase II.
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(24), consistent with a role for SAGA as a general cofactor that
works with TFIID at most coding genes. These findings sug-
gest that the previously observed differences in regulation
between SAGA- and TFIID-dependent genes are due to other
properties (25). It is currently unclear whether these promoters
have distinct features regulating their bidirectional transcrip-
tion, and whether their associated bidirectional modularity has
any biological/pathological significance during development. It
also remains elusive how bidirectional promoters of highly
paused and productively elongating genes are regulated, and
how different types of promoters communicate with other
types of regulatory DNA elements like enhancers. The under-
lying basis driving mammalian promoters to act bidirectionally
or unidirectionally in key biological processes is not clear.

Enhancers as cis-regulatory DNA elements in gene
activation

Enhancers are distal sequences that lie upstream or down-
stream of the core promoter, and can activate or regulate the
level of transcriptional initiation by recruiting transcription
factors necessary for PIC assembly at the core promoter (Fig. 1)
(26 –28). In yeast, upstream-activating sequences, also known
as enhancer-like sequences, are required for transcription, and
are typically positioned much closer to the core promoter (2,
29). Enhancers act independently of their orientation, and their
genomic location is believed to be responsible for the accurate
surveillance of spatiotemporal transcription patterns during
development and/or in different cell types. For example, the
first mammalian enhancer was discovered downstream of the
immunoglobulin (Ig) heavy-chain gene, which is necessary for
the proper expression of Ig, and only exhibits enhancer activity
in lymphocyte-derived cell lines and during B lymphocyte dif-
ferentiation (30, 31).

Enhancers help recruit RNAPII to promoters and can attract
various chromatin-modifying enzymes to DNA to establish
and/or maintain an active chromatin conformation via PICs
(32). Enhancers can also recruit pioneer factors and lineage-
specific transcription factors (TFs) as early as the ESC stage
(17–22, 33). Promoters, on the other hand, are less likely to be
occupied by developmentally important and lineage-specific
TFs (34). Notably, enhancers are frequently marked with
H3K4me1 and H3K27ac, but not H3K4me3, unless the
enhancer is highly transcribed (35–38). Accordingly, putative
enhancers are commonly annotated by comparing the ratio of
H3K4me1 to H3K4me3, the presence of H3K27ac, the replace-
ment of canonical histones with histone variants like H2A.Z,
the binding of co-factors such as CBP/p300, and the clustered
binding of multiple master TFs (20, 39 – 41). Enhancers can
work with both homologous and heterologous promoters to
increase the transcription of target genes, and can function inde-
pendently of their position and orientation. Displaying DNase I
hypersensitivity remains a primary criterion for identifying
enhancers in mammalian genomes.

Enhancers and promoters share interchangeable
properties

As early as 3 decades ago, researchers reported commonali-
ties between promoters and enhancers. For example, when a

tandem 72-bp repeat from SV40 polyomavirus was inserted
into a plasmid lacking a promoter, this element–the first dis-
covered enhancer–initiated a low level of transcription, indi-
cating that it can recruit RNAPII through a promoter-like activ-
ity (23, 32). Later studies found that intragenic enhancers can
serve as alternative tissue-specific gene promoters, producing a
class of abundant, spliced, and multiexonic poly(A)� mRNAs
(42). Conversely, promoters also display enhancer-like func-
tions. When stimulated by metal ion, an introduced mouse
metallothionein I (Mt1) gene promoter acted as an enhancer by
increasing the transcription of an upstream rabbit �-globin
gene (43). In addition, recent genome-wide analysis using
chromatin interaction analysis with paired-end–tag sequenc-
ing (ChIA-PET) detected interactions between promoters of
different genes that typically resulted in gene co-expression.
These findings implied that promoters behaving like enhancers
may be common in transcriptional regulation (44). Notably,
most promoter–promoter and enhancer–promoter interac-
tions in mammalian genomes are restricted to megabase-sized
local chromatin interaction domains, termed topologically
associated domains (TADs) (45). However, Stunnenberg and
co-workers (46) identified another class of promoter–promoter
interactions, extremely long–range interactions, that result in
the dynamic restructuring of chromatin as mouse embryonic
stem cells (ESCs) shift between two states of pluripotency.
These extremely long–range interactions form during the
transition from the naive ground-state to the serum primed-
like state, and provide yet another example of a promoter
displaying enhancer-like function, this time to control the
spatiotemporal regulation of Hox and other developmentally
important genes.

It is evident that promoters and enhancers share many
common features including their local chromatin architec-
ture, their regulatory landscape, and their common mecha-
nisms to control bidirectional transcription (28). However,
promoters and their associated coding genes allow for the
robust transcription of stable, spliced, and polyadenylated
transcripts not seen in transcripts originating from enhanc-
ers. The majority of enhancer-templated RNAs (eRNAs) are
short, unstable, unspliced, unpolyadenylated, and noncod-
ing RNAs that are expressed at low levels (4, 5). The
sequences used to signal for polyadenylation and splicing are
absent in the transcribed enhancer regions, but are present
in the coding region. Therefore, eRNA instability appears to
be due to the lack of polyadenylation and early termination
sites, such that eRNAs from both strands are subject to exo-
some-mediated degradation (10, 47). At bidirectional pro-
moters, poly(A) sites (PASs) are enriched at the 3� end of
PROMPTs that lack 5� splice sites or U1 small nuclear ribo-
nucleoprotein recognition sites; consequently, these non-
coding transcripts are also subject to exosome-dependent
degradation. In contrast, coding transcripts contain 5� splice
sites that bind to the U1 splicing complex preventing PAS-
mediated early termination (48, 49). It remains unclear
whether the PAS-dependent mechanism mediates the deg-
radation of eRNAs.
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Functional enhancers transcribe eRNAs as an active
signature

Recent genome-wide studies have shown that RNA pol II
recruitment to active enhancers initiates widespread transcrip-
tion in mammalian genomes (50, 51). eRNAs were initially
thought to arise from transcriptional noise due to abundant
RNAPII activity, generating “nonspecific” transcripts in physi-
cally accessible genomic regions (52). This “nonspecific” tran-
scription model suggests that eRNAs may be a by-product of
random transcriptional activity at enhancer loci that are recog-
nized and degraded via either nonsense-mediated decay or the
exosome (53, 54). However, evidence for transcribed enhancers
in recent genome-wide studies argues that enhancer transcrip-
tion may be a regulated process that is specific to functionally
active enhancers, rather than a random process caused by
“background” RNAPII activity. For example, poised enhancers
that are bound by co-activators and marked with H3K27me3,
but not H3K27ac, lack transcriptional activity in mouse ESCs
(Fig. 1, lower panel). These poised enhancers have been pro-
posed to bookmark a limited number of regulatory elements in
mouse ESCs, and to be activated in a timely and lineage-specific
manner during differentiation (37, 55). By contrast, active
enhancers marked with H3K4me1 and H3K27ac are highly
transcribed, which also positively correlates with high mRNA
levels of linked protein-coding genes (36, 37, 55). In addition,
primed enhancers flanked by nucleosomes marked with H3K4me1,
but not H3K27ac, are associated with intermediately expressed
genes that are involved in a broad range of biological processes
(36, 55). Collectively, enhancer transcription appears to be a
regulated process that takes place only at functionally active
enhancers (34, 36, 37, 39, 47, 50, 56).

Enhancer transcription and enhancer–promoter
communication

Enhancers may use different but not mutually exclusive ways
to communicate with their corresponding promoters depend-
ing upon the physical distances between these cis-elements.
Possible models of communication include a linking model, a
tracking/facilitated tracking or scanning model, and a looping
model. In mouse ESCs, TADs contain most of the enhancer–
promoter interactions, which range from several kilobases to
�1 Mb, with a median length of 880 kb (57). In the linking
model, a number of TFs are recruited sequentially following the
binding of a first activator protein (such as pioneer TFs) that
induces an open chromatin state at a promoter-proximal
sequence during differentiation (58) (Fig. 2A). A chain of TFs
then progressively extends along the chromatin fiber from the
enhancer to the transcribed gene, and recruits the PIC to the
core promoter for transcription initiation. This linking model
may only apply to gene regulation between the proximal and
core promoter, because this cascade of recruitment may not
occur across very long distances.

In the tracking model, the enhancer-bound transcription
complexes, including active RNAPII, move toward the target
promoter in a unidirectional manner (Fig. 2B) (59). Sometimes
enhancer-bound proteins do not leave the enhancer, bringing
the enhancer to the promoter during facilitated tracking. This

results in progressive loop formation until the loop is stabilized
at the target promoter. A classical example for this model stems
from an �70-kb region containing five scattered DHS sites
within the human �-globin gene locus (60). This region con-
tains cis-regulatory sequences that confer position-indepen-
dent activation of linked genes. Such regulatory regions were
later named locus control regions (LCRs) (61). LCRs control the
expression of a linked gene in a tissue-specific, copy-number-
dependent manner. The key evidence for a tracking/facilitated
tracking occurring at the �-globin LCR is that transcriptional
activity extends across the �-globin LCR, its intervening
regions, and into the globin genes (62–64). Similarly, other
LCRs such as those that control activation of the human growth
hormone (hGH) gene and major histocompatibility complex
class II genes in their tissue-specific cell types have also shown
RNAPII recruitment and transcriptional activity (65, 66). In the
tracking model, the transcripts generated from the intervening
sequence between enhancers and promoters are proposed to be
passive products of active RNAPII ferried toward the target
promoters (56, 67). Therefore, the tracking model requires that
transcripts from both enhancers and intervening sequences be
unidirectional and transiently expressed. However, genome-
wide analyses have revealed that eRNA transcription at the
majority of enhancers is bidirectional within confined flanking
regions, and eRNA expression is often positively correlated
with the expression level of the target gene. Therefore, the
tracking model may not be a general mechanism in mammalian
genomes, but reflective of a limited number of cases, for exam-
ple, the regulation of different genes that must be expressed
simultaneously within the same gene cluster.

The looping model has been proposed to allow for direct
contact of promoters and enhancers over long distances. In this
model, the enhancer and promoter make contact by looping
out the intervening chromatin (Fig. 2, B and C). The resulting
chromatin loops are stabilized by protein–protein interactions.
A number of large proteins and protein complexes have been
proposed to bridge and direct physical contact between
enhancers and promoters, to facilitate both chromatin looping
and promoter-proximal pausing of RNAPII. These complexes
and proteins include chromatin-remodeling complexes, Medi-
ator, CCCTC-binding factor (CTCF), Cohesin, and many lin-
eage-determining transcription factors (68). eRNAs might also
physically participate in establishing or stabilizing enhancer–
promoter looping by interacting with either the Cohesin or
Mediator complexes (69 –71). It is not clear how boundary ele-
ments or insulators might restrict the action of enhancers on
target promoters. Thus, enhancer–promoter communication
is likely a complex and highly regulated process, involving
mechanisms from a combination of several working models
with different spatial, temporal, and physiological contexts.

Enhancer transcription and eRNAs in gene regulation

Although it is generally agreed that the act of enhancer tran-
scription may have an important biological function in gene
regulation, the role of the eRNAs themselves remains contro-
versial. The main debate lies in whether enhancer transcripts
have an active role in gene regulation or are merely the by-prod-
ucts of RNAPII transcription. Recruitment of RNAPII to chro-
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matin can itself lead to the formation of accessible genomic
regions by the “piggybacking” of histone-modifying enzymes
via the CTD of RNAPII (65, 72). This may enable RNAPII-
mediated transcription to induce active chromatin modifica-
tions, or to increase the levels of enhancer-specific histone
marks while altering the eRNA transcripts. However, this func-
tion of RNAPII does not preclude a direct role for eRNA tran-
scripts in transcriptional regulation.

Initial observations of genome-wide features of active en-
hancers revealed a number of stimulation-regulated eRNAs in
many different mammalian cell types, including neurons,
macrophages, and embryonic stem cells (70, 71, 73–75). Inter-

estingly, the levels of these eRNAs often correlate with the
expression levels of nearby protein-coding genes. It has been
proposed that eRNA synthesis is one of the earliest events rel-
ative to mRNA transcription in response to a variety of envi-
ronmental or developmental stimuli (51, 71, 76 –78). Impor-
tantly, a number of studies indicate that knockdown of eRNAs
results in a substantial down-regulation of their enhancer-tar-
geted genes, suggesting that eRNA transcripts might function
in transcriptional activation (70, 71, 74). eRNAs may also par-
ticipate in chromosomal looping by recruiting Cohesin or
Mediator to enhancer regions upon stimulation (70, 71, 79).
Support for this idea stems from the finding that a number

Figure 2. Proposed steps of enhancer–promoter interaction and promoter-proximal pausing of RNAPII. A, cognate binding of pioneer factors disrupts
the structure of closed, compact chromatin, together with chromatin-remodeling complexes, generating NFRs. NFRs then provide a platform for the replace-
ment or recruitment of additional TFs. Enhancer priming by pioneer factors occurs in advance of promoter activation. The open chromatin structure resulting
from enhancer priming enables the recruitment of large protein complexes to the NFRs of enhancer and promoter regions. A cascade of TF linking may occur
at promoter-proximal sequences until the core promoter is bound by the recruited TFs, which provide platforms for the recruitment of PICs and Mediator. B,
recruitment of large protein complexes, including the PIC and Mediator complexes occurs at the enhancer region and initiates bidirectional transcription from
the enhancer. The activated enhancer may interact with the promoter via tracking or looping or a combined facilitated-tracking mechanism. The recruitment
of PIC and Mediator at the promoter region may happen simultaneously with or after enhancer activation. These two situations lead to different models: 1)
promoter activation may be an independent event from enhancer activation, or 2) enhancers may recruit the general transcription machinery and transfer it
to the interacting promoter. C, enhancer–promoter interactions are mediated by RNAPII and the Mediator/Cohesin complex. The looped structure and RNAPII
recruitment to the promoter-proximal region are associated with RNAPII pausing. RNAPII initiates transcription and progresses to the pause sites at nucleo-
somes flanking the promoter. Release of paused RNAPII results in divergent transcription elongation, which occurs at either the commencement of looping or
thereafter. Although not shown, phosphorylation of Ser-5 in the RNAPII CTD promotes transcription initiation. In addition, subsequent to RNAPII progression
to pause sites, several pausing factors, including NELF and 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole (DRB) sensitivity-inducing factor, contribute to the
stabilization of RNAPII pausing. D, promoter-proximal pausing of RNAPII is a rate-limiting step for productive transcriptional elongation. During signaling
convergence, co-activators such as BRG4 are recruited by the TFs, resulting in the binding of elongation factors like the super-elongation complex (SEC) and
Mediator. P-TEFb phosphorylates pausing factors and the CTD of RNAPII, leading to the release of paused RNAPII. Some eRNAs may facilitate the stable
formation of enhancer–promoter looping through interaction with the Mediator and Cohesin complex and may also facilitate the transient release of NELF,
leading to RNAPII pause release and stepping into a phase of productive elongation.

THEMATIC MINIREVIEW: Roles of transcriptional enhancers

13790 J. Biol. Chem. (2018) 293(36) 13786 –13794



of long-noncoding RNAs (lncRNAs), including HOTTIP,
CCAT1-L, and LUNAR1, activate their corresponding genes by
interacting with their own protein partners that participate in
chromosomal looping (80 –82). It is noteworthy that a substan-
tial number of lncRNAs are eRNAs. A recent study analyzed
functional lncRNAs from the ENCODE project, and identified
that 28% of annotated lncRNAs (2,695 of 9,505) overlapped
with PreSTIGE database-predicted cell-type–specific enhanc-
ers (83), suggesting a subset of eRNAs may be subcategorized as
lnc-eRNAs with the potential to interact with distinct proteins
involved in chromosomal looping (84). However, a primary dif-
ference between eRNA and lncRNA is that lncRNA are stable
transcripts and eRNA are not. Some studies suggest eRNAs
have roles other than mediating enhancer–promoter looping.
These studies indicate that there is a substantial reduction of
eRNAs and correlated coding gene expression without signifi-
cant changes in DNA looping in distinct cell models, including
transcription from estrogen receptor– binding sites in MCF7
breast cancer cells and a depolarized neuron model (76, 77).
These studies raise the possibility that eRNAs may facilitate
RNAPII transcription by increasing chromatin accessibility, or
by participating in the process of releasing paused RNAPII
without changes in enhancer–promoter interactions (76, 77).

Emerging roles of eRNAs in promoter-proximal pausing
of RNAPII

A number of recent genome-wide studies have shown that
pausing of RNAPII in promoter-proximal regions is a common
regulatory step in the productive transcription of many impor-
tant genes responsive to a variety of developmental or environ-
mental stimuli (85, 86). The pause and release of RNAPII in
promoter-proximal DNA regions are essential regulatory steps
in early elongation (Fig. 2, C and D). A role for eRNAs in this
process has been suggested by Schaukowich et al. (77), who
reported that eRNA transcript-dependent regulation during
early transcriptional elongation provides a mechanism by
which eRNAs, in response to early neuronal induction, directly
bind to the NELF-E subunit of negative elongation factor
(NELF). NELF mediates RNAPII pausing, and thus facilitates
the efficient release of NELF from the target promoter (77). In
this activity-regulated neuronal model, transient release of
NELF, but not enhancer–promoter interactions or RNAPII
recruitment, was impaired by eRNA knockdown, suggesting
eRNA transcripts may act as “lure” molecules to facilitate NELF
release from paused RNAPII during early transcriptional elon-
gation (Fig. 2D).

Transcriptional elongation by RNAPII is a highly regulated
process that requires RNAPII pausing for efficient transcrip-
tion. The role of eRNAs in pausing and early elongation may
depend largely on different developmental or environmental
contexts. A recent study from Lai et al. (79) reported that Inte-
grator, a multisubunit complex associated with the CTD of
RNAPII, has a role in RNAPII pause and release, and is also
required for the biogenesis of eRNAs at enhancers and super-
enhancers. Super-enhancers are clusters of multiple transcrip-
tional enhancers in large domains, which often show high levels
of RNAPII occupancy and are highly transcribed (87–89). Inte-
grator binds to enhancers and super-enhancers in a tissue- and

temporal-specific manner. The catalytic subunit of Integrator
has a core RNA endonuclease activity that catalyzes the 3�-end
processing of eRNAs required for transcriptional termination
of eRNAs upon stimulation (79). Depletion of Integrator sub-
units reduces the signal-dependent induction of eRNA tran-
scripts and abolishes the associated enhancer–promoter chro-
matin looping. Interestingly, Integrator depletion also results in
an accumulation of eRNA primary transcripts (unprocessed,
polyadenylated levels) that bind to transcribing RNAPII at
enhancers and super-enhancers upon epidermal growth factor
induction, suggesting a possible role of eRNAs in early elonga-
tion at Integrator-regulated enhancers and super-enhancers.
Multiple eRNAs generated within the same super-enhancers
may act as single regulatory modules to control cell identity in
development and disease. Accordingly, chromatin looping and
promoter-proximal pausing of RNAPII provide a key platform
and a potential regulatory step for the convergence of various
signaling pathways during early elongation. Additional studies
will be required to fully define the functional and biological
significance of eRNAs, their in vivo inter-relationship with bidi-
rectional promoters and enhancer transcription, the associated
large protein complexes as mediators, and their structural and
functional roles in early transcriptional steps, including chro-
matin looping and promoter-proximal pausing of RNAPII.

It is noteworthy that there is no consensus regarding the
function of eRNA transcripts in transcriptional activation.
Furthermore, the mechanism underlying the strong correlation
between eRNA production and enhancer activity remains
unclear. Current studies reporting the functional significance
of eRNAs have relied on RNA interference (RNAi) to knock
down eRNA transcripts in different human cell lines. However,
RNAi approaches are not entirely suitable for these studies. The
majority of eRNAs are nuclear, and although RNAi works well
in the cytoplasm, it is not efficient in the nucleus (33). Instead,
using a polyadenylation signal to cause premature termination
might provide a more rigorous way to interrogate eRNA func-
tion (90, 91). Indeed, when a poly(A) cassette is inserted near
the TSS of an eRNA, it triggers premature transcription termi-
nation. A recent study used this approach to investigate how
truncation of the lncRNA encoded by Lockd influences tran-
scription of the adjacent Cdkn1b gene in an erythroid cell line
(91). They found that Lockd truncation, caused by the inserted
poly(A) signal, had no effect on Cdkn1b transcription, whereas
CRISPR–Cas9-mediated deletion of the Lockd locus signifi-
cantly reduced Cdkn1b expression, suggesting an enhancer-like
cis-acting mechanism. The eRNA generated from the enhanc-
er-like Lockd locus appeared to be a by-product of local tran-
scriptional activity. Likewise, both promoter deletions and
poly(A) cassette insertion into the Blustr lncRNA locus (for-
merly linc1319) substantially influenced the expression of the
nearby Sfmbt2 gene. This influence was dependent upon the
transcription and splicing of Blustr (90). Yet, not all lncRNAs
are likely to have such specific functions. In a separate study,
Lander and co-workers (90) systematically analyzed 12 lncRNA
loci in mouse ESCs using a genetic approach based on the clas-
sic cis-trans test. They found that five of the 12 lncRNAs signif-
icantly affected the expression of a neighboring gene in cis
(90). Notably, all five lncRNAs appeared to influence nearby
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gene expression via general processes associated with lncRNA
production, rather than a sequence-specific function of the
lncRNA transcripts. Therefore, more rigorous methods such as
the insertion of a poly(A) cassette, in addition to the RNAi
approaches, are required to further clarify the cis-trans regula-
tory roles of eRNA in transcriptional activation. Regardless, it is
fair to say that a consensus on the functional significance of
eRNAs is lacking, and the relationship between eRNA and
enhancer transcriptional activity remains unclear.

Acknowledgment—We thank Dr. Briana Dennehey for help editing.

References
1. Smale, S. T., and Kadonaga, J. T. (2003) The RNA polymerase II core

promoter. Annu. Rev. Biochem. 72, 449 – 479 CrossRef Medline
2. Struhl, K. (1987) Promoters, activator proteins, and the mechanism of

transcriptional initiation in yeast. Cell 49, 295–297 CrossRef Medline
3. Andersson, R., Chen, Y., Core, L., Lis, J. T., Sandelin, A., and Jensen, T. H.

(2015) Human gene promoters are intrinsically bidirectional. Mol. Cell 60,
346 –347 CrossRef Medline

4. ENCODE Project Consortium. (2012) An integrated encyclopedia of
DNA elements in the human genome. Nature 489, 57–74 CrossRef
Medline

5. Djebali, S., Davis, C. A., Merkel, A., Dobin, A., Lassmann, T., Mortazavi,
A., Tanzer, A., Lagarde, J., Lin, W., Schlesinger, F., Xue, C., Marinov, G. K.,
Khatun, J., Williams, B. A., Zaleski, C., et al. (2012) Landscape of transcrip-
tion in human cells. Nature 489, 101–108 CrossRef Medline

6. Andersson, R., Refsing Andersen, P., Valen, E., Core, L. J., Bornholdt, J.,
Boyd, M., Heick Jensen, T., and Sandelin, A. (2014) Nuclear stability and
transcriptional directionality separate functionally distinct RNA species.
Nat. Commun. 5, 5336 CrossRef Medline

7. Core, L. J., Martins, A. L., Danko, C. G., Waters, C. T., Siepel, A., and Lis,
J. T. (2014) Analysis of nascent RNA identifies a unified architecture of
initiation regions at mammalian promoters and enhancers. Nat. Genet.
46, 1311–1320 CrossRef Medline

8. Almada, A. E., Wu, X., Kriz, A. J., Burge, C. B., and Sharp, P. A. (2013)
Promoter directionality is controlled by U1 snRNP and polyadenylation
signals. Nature 499, 360 –363 CrossRef Medline

9. Core, L. J., Waterfall, J. J., and Lis, J. T. (2008) Nascent RNA sequencing
reveals widespread pausing and divergent initiation at human promoters.
Science 322, 1845–1848 CrossRef Medline

10. Flynn, R. A., Almada, A. E., Zamudio, J. R., and Sharp, P. A. (2011) Anti-
sense RNA polymerase II divergent transcripts are P-TEFb dependent and
substrates for the RNA exosome. Proc. Natl. Acad. Sci. U.S.A. 108,
10460 –10465 CrossRef Medline

11. Ntini, E., Järvelin, A. I., Bornholdt, J., Chen, Y., Boyd, M., Jørgensen, M.,
Andersson, R., Hoof, I., Schein, A., Andersen, P. R., Andersen, P. K.,
Preker, P., Valen, E., Zhao, X., Pelechano, V., et al. (2013) Polyadenylation
site-induced decay of upstream transcripts enforces promoter direction-
ality. Nat. Struct. Mol. Biol. 20, 923–928 CrossRef Medline

12. Preker, P., Nielsen, J., Kammler, S., Lykke-Andersen, S., Christensen,
M. S., Mapendano, C. K., Schierup, M. H., and Jensen, T. H. (2008) RNA
exosome depletion reveals transcription upstream of active human pro-
moters. Science 322, 1851–1854 CrossRef Medline

13. Seila, A. C., Calabrese, J. M., Levine, S. S., Yeo, G. W., Rahl, P. B., Flynn,
R. A., Young, R. A., and Sharp, P. A. (2008) Divergent transcription from
active promoters. Science 322, 1849 –1851 CrossRef Medline

14. Scruggs, B. S., Gilchrist, D. A., Nechaev, S., Muse, G. W., Burkholder, A.,
Fargo, D. C., and Adelman, K. (2015) Bidirectional transcription arises
from two distinct hubs of transcription factor binding and active chroma-
tin. Mol. Cell 58, 1101–1112 CrossRef Medline

15. Kaplan, C. D. (2016) Pairs of promoter pairs in a web of transcription. Nat.
Genet. 48, 975–976 CrossRef Medline

16. Basehoar, A. D., Zanton, S. J., and Pugh, B. F. (2004) Identification and
distinct regulation of yeast TATA box-containing genes. Cell 116,
699 –709 CrossRef Medline

17. Mohibullah, N., and Hahn, S. (2008) Site-specific cross-linking of TBP in
vivo and in vitro reveals a direct functional interaction with the SAGA
subunit Spt3. Genes Dev. 22, 2994 –3006 CrossRef Medline

18. Dudley, A. M., Rougeulle, C., and Winston, F. (1999) The Spt components
of SAGA facilitate TBP binding to a promoter at a post-activator-binding
step in vivo. Genes Dev. 13, 2940 –2945 CrossRef Medline

19. Bhaumik, S. R., and Green, M. R. (2002) Differential requirement of SAGA
components for recruitment of TATA-box-binding protein to promoters
in vivo. Mol. Cell. Biol. 22, 7365–7371 CrossRef Medline

20. Huisinga, K. L., and Pugh, B. F. (2004) A genome-wide housekeeping role
for TFIID and a highly regulated stress-related role for SAGA in Saccha-
romyces cerevisiae. Mol. Cell 13, 573–585 CrossRef Medline

21. Lee, T. I., Causton, H. C., Holstege, F. C., Shen, W. C., Hannett, N., Jen-
nings, E. G., Winston, F., Green, M. R., and Young, R. A. (2000) Redundant
roles for the TFIID and SAGA complexes in global transcription. Nature
405, 701–704 CrossRef Medline

22. Tirosh, I., and Barkai, N. (2008) Two strategies for gene regulation by
promoter nucleosomes. Genome Res. 18, 1084 –1091 CrossRef Medline

23. Benoist, C., and Chambon, P. (1981) In vivo sequence requirements of the
SV40 early promotor region. Nature 290, 304 –310 CrossRef Medline

24. Baptista, T., Grünberg, S., Minoungou, N., Koster, M. J. E., Timmers,
H. T. M., Hahn, S., Devys, D., and Tora, L. (2018) SAGA is a general
cofactor for RNA polymerase II transcription. Mol. Cell 70, 1163–1164
CrossRef Medline

25. Warfield, L., Ramachandran, S., Baptista, T., Devys, D., Tora, L., and
Hahn, S. (2017) Transcription of nearly all yeast RNA polymerase II-
transcribed genes is dependent on transcription factor TFIID. Mol.
Cell 68, 118 –129.e5 CrossRef Medline

26. Akbari, O. S., Bae, E., Johnsen, H., Villaluz, A., Wong, D., and Drewell, R. A.
(2008) A novel promoter-tethering element regulates enhancer-driven
gene expression at the bithorax complex in the Drosophila embryo. De-
velopment 135, 123–131 CrossRef Medline

27. Maniatis, T., Goodbourn, S., and Fischer, J. A. (1987) Regulation of induc-
ible and tissue-specific gene expression. Science 236, 1237–1245 CrossRef
Medline

28. Kim, T. K., and Shiekhattar, R. (2015) Architectural and functional
commonalities between enhancers and promoters. Cell 162, 948 –959
CrossRef Medline

29. Guarente, L. (1988) UASs and enhancers: common mechanism of tran-
scriptional activation in yeast and mammals. Cell 52, 303–305 CrossRef
Medline

30. Banerji, J., Olson, L., and Schaffner, W. (1983) A lymphocyte-specific cel-
lular enhancer is located downstream of the joining region in immuno-
globulin heavy chain genes. Cell 33, 729 –740 CrossRef Medline

31. Gillies, S. D., Morrison, S. L., Oi, V. T., and Tonegawa, S. (1983) A tissue-
specific transcription enhancer element is located in the major intron of a
rearranged immunoglobulin heavy chain gene. Cell 33, 717–728 CrossRef
Medline

32. Moreau, P., Hen, R., Wasylyk, B., Everett, R., Gaub, M. P., and Chambon, P.
(1981) The SV40 72 base repair repeat has a striking effect on gene expres-
sion both in SV40 and other chimeric recombinants. Nucleic Acids Res. 9,
6047– 6068 CrossRef Medline

33. Roux, B. T., Lindsay, M. A., and Heward, J. A. (2017) Knockdown of nu-
clear-located enhancer RNAs and long ncRNAs using locked nucleic acid
GapmeRs. Methods Mol. Biol. 1468, 11–18 CrossRef Medline

34. Hah, N., Danko, C. G., Core, L., Waterfall, J. J., Siepel, A., Lis, J. T., and
Kraus, W. L. (2011) A rapid, extensive, and transient transcriptional re-
sponse to estrogen signaling in breast cancer cells. Cell 145, 622– 634
CrossRef Medline

35. Heintzman, N. D., Stuart, R. K., Hon, G., Fu, Y., Ching, C. W., Hawkins,
R. D., Barrera, L. O., Van Calcar, S., Qu, C., Ching, K. A., Wang, W., Weng,
Z., Green, R. D., Crawford, G. E., and Ren, B. (2007) Distinct and predictive
chromatin signatures of transcriptional promoters and enhancers in the
human genome. Nat. Genet. 39, 311–318 CrossRef Medline

THEMATIC MINIREVIEW: Roles of transcriptional enhancers

13792 J. Biol. Chem. (2018) 293(36) 13786 –13794

http://dx.doi.org/10.1146/annurev.biochem.72.121801.161520
http://www.ncbi.nlm.nih.gov/pubmed/12651739
http://dx.doi.org/10.1016/0092-8674(87)90277-7
http://www.ncbi.nlm.nih.gov/pubmed/2882858
http://dx.doi.org/10.1016/j.molcel.2015.10.015
http://www.ncbi.nlm.nih.gov/pubmed/26545074
http://dx.doi.org/10.1038/nature11247
http://www.ncbi.nlm.nih.gov/pubmed/22955616
http://dx.doi.org/10.1038/nature11233
http://www.ncbi.nlm.nih.gov/pubmed/22955620
http://dx.doi.org/10.1038/ncomms6336
http://www.ncbi.nlm.nih.gov/pubmed/25387874
http://dx.doi.org/10.1038/ng.3142
http://www.ncbi.nlm.nih.gov/pubmed/25383968
http://dx.doi.org/10.1038/nature12349
http://www.ncbi.nlm.nih.gov/pubmed/23792564
http://dx.doi.org/10.1126/science.1162228
http://www.ncbi.nlm.nih.gov/pubmed/19056941
http://dx.doi.org/10.1073/pnas.1106630108
http://www.ncbi.nlm.nih.gov/pubmed/21670248
http://dx.doi.org/10.1038/nsmb.2640
http://www.ncbi.nlm.nih.gov/pubmed/23851456
http://dx.doi.org/10.1126/science.1164096
http://www.ncbi.nlm.nih.gov/pubmed/19056938
http://dx.doi.org/10.1126/science.1162253
http://www.ncbi.nlm.nih.gov/pubmed/19056940
http://dx.doi.org/10.1016/j.molcel.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/26028540
http://dx.doi.org/10.1038/ng.3649
http://www.ncbi.nlm.nih.gov/pubmed/27573684
http://dx.doi.org/10.1016/S0092-8674(04)00205-3
http://www.ncbi.nlm.nih.gov/pubmed/15006352
http://dx.doi.org/10.1101/gad.1724408
http://www.ncbi.nlm.nih.gov/pubmed/18981477
http://dx.doi.org/10.1101/gad.13.22.2940
http://www.ncbi.nlm.nih.gov/pubmed/10580001
http://dx.doi.org/10.1128/MCB.22.21.7365-7371.2002
http://www.ncbi.nlm.nih.gov/pubmed/12370284
http://dx.doi.org/10.1016/S1097-2765(04)00087-5
http://www.ncbi.nlm.nih.gov/pubmed/14992726
http://dx.doi.org/10.1038/35015104
http://www.ncbi.nlm.nih.gov/pubmed/10864329
http://dx.doi.org/10.1101/gr.076059.108
http://www.ncbi.nlm.nih.gov/pubmed/18448704
http://dx.doi.org/10.1038/290304a0
http://www.ncbi.nlm.nih.gov/pubmed/6259538
http://dx.doi.org/10.1016/j.molcel.2018.06.007
http://www.ncbi.nlm.nih.gov/pubmed/29932906
http://dx.doi.org/10.1016/j.molcel.2017.08.014
http://www.ncbi.nlm.nih.gov/pubmed/28918900
http://dx.doi.org/10.1242/dev.010744
http://www.ncbi.nlm.nih.gov/pubmed/18045839
http://dx.doi.org/10.1126/science.3296191
http://www.ncbi.nlm.nih.gov/pubmed/3296191
http://dx.doi.org/10.1016/j.cell.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26317464
http://dx.doi.org/10.1016/S0092-8674(88)80020-5
http://www.ncbi.nlm.nih.gov/pubmed/2894251
http://dx.doi.org/10.1016/0092-8674(83)90015-6
http://www.ncbi.nlm.nih.gov/pubmed/6409418
http://dx.doi.org/10.1016/0092-8674(83)90014-4
http://www.ncbi.nlm.nih.gov/pubmed/6409417
http://dx.doi.org/10.1093/nar/9.22.6047
http://www.ncbi.nlm.nih.gov/pubmed/6273820
http://dx.doi.org/10.1007/978-1-4939-4035-6_2
http://www.ncbi.nlm.nih.gov/pubmed/27662866
http://dx.doi.org/10.1016/j.cell.2011.03.042
http://www.ncbi.nlm.nih.gov/pubmed/21549415
http://dx.doi.org/10.1038/ng1966
http://www.ncbi.nlm.nih.gov/pubmed/17277777


36. Creyghton, M. P., Cheng, A. W., Welstead, G. G., Kooistra, T., Carey,
B. W., Steine, E. J., Hanna, J., Lodato, M. A., Frampton, G. M., Sharp, P. A.,
Boyer, L. A., Young, R. A., and Jaenisch, R. (2010) Histone H3K27ac sep-
arates active from poised enhancers and predicts developmental state.
Proc. Natl. Acad. Sci. U.S.A. 107, 21931–21936 CrossRef Medline

37. Rada-Iglesias, A., Bajpai, R., Swigut, T., Brugmann, S. A., Flynn, R. A., and
Wysocka, J. (2011) A unique chromatin signature uncovers early develop-
mental enhancers in humans. Nature 470, 279 –283 CrossRef Medline

38. Whyte, W. A., Bilodeau, S., Orlando, D. A., Hoke, H. A., Frampton, G. M.,
Foster, C. T., Cowley, S. M., and Young, R. A. (2012) Enhancer decommis-
sioning by LSD1 during embryonic stem cell differentiation. Nature 482,
221–225 CrossRef Medline

39. Kaikkonen, M. U., Spann, N. J., Heinz, S., Romanoski, C. E., Allison, K. A.,
Stender, J. D., Chun, H. B., Tough, D. F., Prinjha, R. K., Benner, C., and
Glass, C. K. (2013) Remodeling of the enhancer landscape during macro-
phage activation is coupled to enhancer transcription. Mol. Cell 51,
310 –325 CrossRef Medline

40. Shlyueva, D., Stampfel, G., and Stark, A. (2014) Transcriptional enhancers:
from properties to genome-wide predictions. Nat. Rev. Genet. 15,
272–286 CrossRef Medline

41. Rivera, C. M., and Ren, B. (2013) Mapping human epigenomes. Cell 155,
39 –55 CrossRef Medline

42. Kowalczyk, M. S., Hughes, J. R., Garrick, D., Lynch, M. D., Sharpe, J. A.,
Sloane-Stanley, J. A., McGowan, S. J., De Gobbi, M., Hosseini, M., Vern-
immen, D., Brown, J. M., Gray, N. E., Collavin, L., Gibbons, R. J., Flint, J., et
al. (2012) Intragenic enhancers act as alternative promoters. Mol. Cell 45,
447– 458 CrossRef Medline

43. Serfling, E., Lübbe, A., Dorsch-Häsler, K., and Schaffner, W. (1985) Metal-
dependent SV40 viruses containing inducible enhancers from the up-
stream region of metallothionein genes. EMBO J. 4, 3851–3859 Medline

44. Li, G., Ruan, X., Auerbach, R. K., Sandhu, K. S., Zheng, M., Wang, P., Poh,
H. M., Goh, Y., Lim, J., Zhang, J., Sim, H. S., Peh, S. Q., Mulawadi, F. H.,
Ong, C. T., Orlov, Y. L., et al. (2012) Extensive promoter-centered chro-
matin interactions provide a topological basis for transcription regulation.
Cell 148, 84 –98 CrossRef Medline

45. Dixon, J. R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, Y., Hu, M., Liu, J. S.,
and Ren, B. (2012) Topological domains in mammalian genomes identi-
fied by analysis of chromatin interactions. Nature 485, 376 –380 CrossRef
Medline

46. Joshi, O., Wang, S. Y., Kuznetsova, T., Atlasi, Y., Peng, T., Fabre, P. J.,
Habibi, E., Shaik, J., Saeed, S., Handoko, L., Richmond, T., Spivakov, M.,
Burgess, D., and Stunnenberg, H. G. (2015) Dynamic reorganization of
extremely long-range promoter–promoter interactions between two
states of pluripotency. Cell Stem Cell 17, 748 –757 CrossRef Medline

47. Andersson, R., Gebhard, C., Miguel-Escalada, I., Hoof, I., Bornholdt, J.,
Boyd, M., Chen, Y., Zhao, X., Schmidl, C., Suzuki, T., Ntini, E., Arner, E.,
Valen, E., Li, K., Schwarzfischer, L., et al. (2014) An atlas of active enhanc-
ers across human cell types and tissues. Nature 507, 455– 461 CrossRef
Medline

48. Berg, M. G., Singh, L. N., Younis, I., Liu, Q., Pinto, A. M., Kaida, D., Zhang,
Z., Cho, S., Sherrill-Mix, S., Wan, L., and Dreyfuss, G. (2012) U1 snRNP
determines mRNA length and regulates isoform expression. Cell 150,
53– 64 CrossRef Medline

49. Kaida, D., Berg, M. G., Younis, I., Kasim, M., Singh, L. N., Wan, L., and
Dreyfuss, G. (2010) U1 snRNP protects pre-mRNAs from premature
cleavage and polyadenylation. Nature 468, 664 – 668 CrossRef Medline

50. Kim, T. K., Hemberg, M., Gray, J. M., Costa, A. M., Bear, D. M., Wu, J.,
Harmin, D. A., Laptewicz, M., Barbara-Haley, K., Kuersten, S., Marken-
scoff-Papadimitriou, E., Kuhl, D., Bito, H., Worley, P. F., Kreiman, G., and
Greenberg, M. E. (2010) Widespread transcription at neuronal activity-
regulated enhancers. Nature 465, 182–187 CrossRef Medline

51. De Santa, F., Barozzi, I., Mietton, F., Ghisletti, S., Polletti, S., Tusi, B. K.,
Muller, H., Ragoussis, J., Wei, C. L., and Natoli, G. (2010) A large fraction
of extragenic RNA pol II transcription sites overlap enhancers. PLoS Biol.
8, e1000384 CrossRef Medline

52. Struhl, K. (2007) Transcriptional noise and the fidelity of initiation by
RNA polymerase II. Nat. Struct. Mol. Biol. 14, 103–105 CrossRef Medline

53. Wyers, F., Rougemaille, M., Badis, G., Rousselle, J. C., Dufour, M. E., Bou-
lay, J., Régnault, B., Devaux, F., Namane, A., Séraphin, B., Libri, D., and
Jacquier, A. (2005) Cryptic pol II transcripts are degraded by a nuclear
quality control pathway involving a new poly(A) polymerase. Cell 121,
725–737 CrossRef Medline

54. LaCava, J., Houseley, J., Saveanu, C., Petfalski, E., Thompson, E., Jacquier,
A., and Tollervey, D. (2005) RNA degradation by the exosome is promoted
by a nuclear polyadenylation complex. Cell 121, 713–724 CrossRef
Medline

55. Zentner, G. E., Tesar, P. J., and Scacheri, P. C. (2011) Epigenetic signatures
distinguish multiple classes of enhancers with distinct cellular functions.
Genome Res. 21, 1273–1283 CrossRef Medline

56. Hatzis, P., and Talianidis, I. (2002) Dynamics of enhancer–promoter com-
munication during differentiation-induced gene activation. Mol. Cell 10,
1467–1477 CrossRef Medline

57. Noonan, J. P., and McCallion, A. S. (2010) Genomics of long-range regu-
latory elements. Annu. Rev. Genomics Hum. Genet. 11, 1–23 CrossRef
Medline

58. Chen, J., Zhang, Z., Li, L., Chen, B. C., Revyakin, A., Hajj, B., Legant, W.,
Dahan, M., Lionnet, T., Betzig, E., Tjian, R., and Liu, Z. (2014) Single-
molecule dynamics of enhanceosome assembly in embryonic stem cells.
Cell 156, 1274 –1285 CrossRef Medline

59. Blackwood, E. M., and Kadonaga, J. T. (1998) Going the distance: a current
view of enhancer action. Science 281, 60 – 63 CrossRef Medline

60. Grosveld, F., van Assendelft, G. B., Greaves, D. R., and Kollias, G. (1987)
Position-independent, high-level expression of the human beta-globin
gene in transgenic mice. Cell 51, 975–985 CrossRef Medline

61. Orkin, S. H. (1990) Globin gene regulation and switching: circa 1990. Cell
63, 665– 672 CrossRef Medline

62. Ashe, H. L., Monks, J., Wijgerde, M., Fraser, P., and Proudfoot, N. J. (1997)
Intergenic transcription and transinduction of the human �-globin locus.
Genes Dev. 11, 2494 –2509 CrossRef Medline

63. Tuan, D., Kong, S., and Hu, K. (1992) Transcription of the hypersensitive
site HS2 enhancer in erythroid cells. Proc. Natl. Acad. Sci. U.S.A. 89,
11219 –11223 CrossRef Medline

64. Routledge, S. J., and Proudfoot, N. J. (2002) Definition of transcriptional
promoters in the human � globin locus control region. J. Mol. Biol. 323,
601– 611 CrossRef Medline

65. Masternak, K., Peyraud, N., Krawczyk, M., Barras, E., and Reith, W. (2003)
Chromatin remodeling and extragenic transcription at the MHC class II
locus control region. Nat. Immunol. 4, 132–137 CrossRef Medline

66. Ho, Y., Elefant, F., Liebhaber, S. A., and Cooke, N. E. (2006) Locus control
region transcription plays an active role in long-range gene activation.
Mol. Cell 23, 365–375 CrossRef Medline

67. Wang, Q., Carroll, J. S., and Brown, M. (2005) Spatial and temporal re-
cruitment of androgen receptor and its coactivators involves chromo-
somal looping and polymerase tracking. Mol. Cell 19, 631– 642 CrossRef
Medline

68. Vernimmen, D., and Bickmore, W. A. (2015) The hierarchy of transcrip-
tional activation: from enhancer to promoter. Trends Genet. 31, 696 –708
CrossRef Medline

69. Lai, F., Orom, U. A., Cesaroni, M., Beringer, M., Taatjes, D. J., Blobel, G. A.,
and Shiekhattar, R. (2013) Activating RNAs associate with mediator to
enhance chromatin architecture and transcription. Nature 494, 497–501
CrossRef Medline

70. Li, W., Notani, D., Ma, Q., Tanasa, B., Nunez, E., Chen, A. Y., Merkurjev,
D., Zhang, J., Ohgi, K., Song, X., Oh, S., Kim, H. S., Glass, C. K., and
Rosenfeld, M. G. (2013) Functional roles of enhancer RNAs for oestrogen-
dependent transcriptional activation. Nature 498, 516 –520 CrossRef
Medline

71. Hsieh, C. L., Fei, T., Chen, Y., Li, T., Gao, Y., Wang, X., Sun, T., Sweeney,
C. J., Lee, G. S., Chen, S., Balk, S. P., Liu, X. S., Brown, M., and Kantoff,
P. W. (2014) Enhancer RNAs participate in androgen receptor-driven
looping that selectively enhances gene activation. Proc. Natl. Acad. Sci.
U.S.A. 111, 7319 –7324 CrossRef Medline

72. Gribnau, J., Diderich, K., Pruzina, S., Calzolari, R., and Fraser, P. (2000)
Intergenic transcription and developmental remodeling of chromatin

THEMATIC MINIREVIEW: Roles of transcriptional enhancers

J. Biol. Chem. (2018) 293(36) 13786 –13794 13793

http://dx.doi.org/10.1073/pnas.1016071107
http://www.ncbi.nlm.nih.gov/pubmed/21106759
http://dx.doi.org/10.1038/nature09692
http://www.ncbi.nlm.nih.gov/pubmed/21160473
http://dx.doi.org/10.1038/nature10805
http://www.ncbi.nlm.nih.gov/pubmed/22297846
http://dx.doi.org/10.1016/j.molcel.2013.07.010
http://www.ncbi.nlm.nih.gov/pubmed/23932714
http://dx.doi.org/10.1038/nrg3682
http://www.ncbi.nlm.nih.gov/pubmed/24614317
http://dx.doi.org/10.1016/j.cell.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24074860
http://dx.doi.org/10.1016/j.molcel.2011.12.021
http://www.ncbi.nlm.nih.gov/pubmed/22264824
http://www.ncbi.nlm.nih.gov/pubmed/2419129
http://dx.doi.org/10.1016/j.cell.2011.12.014
http://www.ncbi.nlm.nih.gov/pubmed/22265404
http://dx.doi.org/10.1038/nature11082
http://www.ncbi.nlm.nih.gov/pubmed/22495300
http://dx.doi.org/10.1016/j.stem.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26637943
http://dx.doi.org/10.1038/nature12787
http://www.ncbi.nlm.nih.gov/pubmed/24670763
http://dx.doi.org/10.1016/j.cell.2012.05.029
http://www.ncbi.nlm.nih.gov/pubmed/22770214
http://dx.doi.org/10.1038/nature09479
http://www.ncbi.nlm.nih.gov/pubmed/20881964
http://dx.doi.org/10.1038/nature09033
http://www.ncbi.nlm.nih.gov/pubmed/20393465
http://dx.doi.org/10.1371/journal.pbio.1000384
http://www.ncbi.nlm.nih.gov/pubmed/20485488
http://dx.doi.org/10.1038/nsmb0207-103
http://www.ncbi.nlm.nih.gov/pubmed/17277804
http://dx.doi.org/10.1016/j.cell.2005.04.030
http://www.ncbi.nlm.nih.gov/pubmed/15935759
http://dx.doi.org/10.1016/j.cell.2005.04.029
http://www.ncbi.nlm.nih.gov/pubmed/15935758
http://dx.doi.org/10.1101/gr.122382.111
http://www.ncbi.nlm.nih.gov/pubmed/21632746
http://dx.doi.org/10.1016/S1097-2765(02)00786-4
http://www.ncbi.nlm.nih.gov/pubmed/12504020
http://dx.doi.org/10.1146/annurev-genom-082509-141651
http://www.ncbi.nlm.nih.gov/pubmed/20438361
http://dx.doi.org/10.1016/j.cell.2014.01.062
http://www.ncbi.nlm.nih.gov/pubmed/24630727
http://dx.doi.org/10.1126/science.281.5373.60
http://www.ncbi.nlm.nih.gov/pubmed/9679020
http://dx.doi.org/10.1016/0092-8674(87)90584-8
http://www.ncbi.nlm.nih.gov/pubmed/3690667
http://dx.doi.org/10.1016/0092-8674(90)90133-Y
http://www.ncbi.nlm.nih.gov/pubmed/2225071
http://dx.doi.org/10.1101/gad.11.19.2494
http://www.ncbi.nlm.nih.gov/pubmed/9334315
http://dx.doi.org/10.1073/pnas.89.23.11219
http://www.ncbi.nlm.nih.gov/pubmed/1454801
http://dx.doi.org/10.1016/S0022-2836(02)01011-2
http://www.ncbi.nlm.nih.gov/pubmed/12419253
http://dx.doi.org/10.1038/ni883
http://www.ncbi.nlm.nih.gov/pubmed/12524537
http://dx.doi.org/10.1016/j.molcel.2006.05.041
http://www.ncbi.nlm.nih.gov/pubmed/16885026
http://dx.doi.org/10.1016/j.molcel.2005.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16137620
http://dx.doi.org/10.1016/j.tig.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26599498
http://dx.doi.org/10.1038/nature11884
http://www.ncbi.nlm.nih.gov/pubmed/23417068
http://dx.doi.org/10.1038/nature12210
http://www.ncbi.nlm.nih.gov/pubmed/23728302
http://dx.doi.org/10.1073/pnas.1324151111
http://www.ncbi.nlm.nih.gov/pubmed/24778216


subdomains in the human �-globin locus. Mol. Cell 5, 377–386 CrossRef
Medline

73. Melo, C. A., Drost, J., Wijchers, P. J., van de Werken, H., de Wit, E., Oude
Vrielink, J. A., Elkon, R., Melo, S. A., Léveillé, N., Kalluri, R., de Laat, W.,
and Agami, R. (2013) eRNAs are required for p53-dependent enhancer
activity and gene transcription. Mol. Cell 49, 524 –535 CrossRef Medline

74. Mousavi, K., Zare, H., Dell’orso, S., Grontved, L., Gutierrez-Cruz, G., Der-
foul, A., Hager, G. L., and Sartorelli, V. (2013) eRNAs promote transcrip-
tion by establishing chromatin accessibility at defined genomic loci. Mol.
Cell 51, 606 – 617 CrossRef Medline

75. IIott, N. E., Heward, J. A., Roux, B., Tsitsiou, E., Fenwick, P. S., Lenzi, L.,
Goodhead, I., Hertz-Fowler, C., Heger, A., Hall, N., Donnelly, L. E., Sims,
D., and Lindsay, M. A. (2014) Long noncoding RNAs and enhancer RNAs
regulate the lipopolysaccharide-induced inflammatory response in hu-
man monocytes. Nat. Commun. 5, 3979 CrossRef Medline

76. Hah, N., Murakami, S., Nagari, A., Danko, C. G., and Kraus, W. L. (2013)
Enhancer transcripts mark active estrogen receptor binding sites. Genome
Res. 23, 1210 –1223 CrossRef Medline

77. Schaukowitch, K., Joo, J. Y., Liu, X., Watts, J. K., Martinez, C., and Kim,
T. K. (2014) Enhancer RNA facilitates NELF release from immediate early
genes. Mol. Cell 56, 29 – 42 CrossRef Medline

78. Arner, E., Daub, C. O., Vitting-Seerup, K., Andersson, R., Lilje, B., Drabløs,
F., Lennartsson, A., Rönnerblad, M., Hrydziuszko, O., Vitezic, M., Free-
man, T. C., Alhendi, A. M., Arner, P., Axton, R., Baillie, J. K., et al. (2015)
Transcribed enhancers lead waves of coordinated transcription in transi-
tioning mammalian cells. Science 347, 1010 –1014 CrossRef Medline

79. Lai, F., Gardini, A., Zhang, A., and Shiekhattar, R. (2015) Integrator medi-
ates the biogenesis of enhancer RNAs. Nature 525, 399 – 403 CrossRef
Medline

80. Trimarchi, T., Bilal, E., Ntziachristos, P., Fabbri, G., Dalla-Favera, R., Tsi-
rigos, A., and Aifantis, I. (2014) Genome-wide mapping and characteriza-
tion of Notch-regulated long noncoding RNAs in acute leukemia. Cell
158, 593– 606 CrossRef Medline

81. Wang, K. C., Yang, Y. W., Liu, B., Sanyal, A., Corces-Zimmerman, R.,
Chen, Y., Lajoie, B. R., Protacio, A., Flynn, R. A., Gupta, R. A., Wysocka, J.,
Lei, M., Dekker, J., Helms, J. A., and Chang, H. Y. (2011) A long noncoding

RNA maintains active chromatin to coordinate homeotic gene expres-
sion. Nature 472, 120 –124 CrossRef Medline

82. Xiang, J. F., Yin, Q. F., Chen, T., Zhang, Y., Zhang, X. O., Wu, Z., Zhang, S.,
Wang, H. B., Ge, J., Lu, X., Yang, L., and Chen, L. L. (2014) Human colo-
rectal cancer-specific CCAT1-L lncRNA regulates long-range chromatin
interactions at the MYC locus. Cell Res. 24, 513–531 CrossRef Medline
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Pioneer transcription factors have the unique and important
role of unmasking chromatin domains during development to
allow the implementation of new cellular programs. Compared
with those of other transcription factors, this activity implies
that pioneer factors can recognize their target DNA sequences
in so-called compacted or “closed” heterochromatin and can
trigger remodeling of the adjoining chromatin landscape to pro-
vide accessibility to nonpioneer transcription factors. Recent
studies identified several steps of pioneer action, namely rapid
but weak initial binding to heterochromatin and stabilization of
binding followed by chromatin opening and loss of cytosine-
phosphate-guanine (CpG) methylation that provides epigenetic
memory. Whereas CpG demethylation depends on replication,
chromatin opening does not. In this Minireview, we highlight
the unique properties of this transcription factor class and the
challenges of understanding their mechanism of action.

In the late 1970s when chromatin structure was beginning to
be probed with tools such as DNase (hyper)-sensitivity, the con-
cept of pioneer factors emerged. These were factors that would
have the capacity to bind specific DNA sequences within com-
pacted heterochromatin and initiate the opening of this chro-
matin. This opening would be required for implementation of
major developmental fate decisions. At the same time, Dro-
sophila geneticists developed the notion of selector genes for
early developmental regulators that in some way specify the
outcome of future cell fates through their action on broad
embryonic domains (1). In this context, the notion of pioneer
factors offered a possible mechanism to achieve the purpose of
selector genes, but these ideas remained more in the domain of
evening conversations than experimental reality. For clarity, it
should be mentioned that in more recent years, the term “selec-
tor” has been used by some to identify factors that have the
opposite effect in the differentiation scheme compared with the
original definition, namely factors that trigger the ultimate step
in cell-fate decisions (2).

The idea of pioneer action was revived in the late 1990s when
the transcription factor (TF)2 FoxA was shown to have the

unique ability to bind its target sequence within nucleosomal
DNA (3). This unique ability contrasted with many other TFs
that will only bind efficiently naked or more readily accessible
DNA as observed within active regulatory sequences. However,
pioneer factors do not have completely unrestricted access to
heterochromatin sites but do exhibit cell-specific actions (4). In
parallel, the old binary view of chromatin as either hetero- or
euchromatin changed dramatically as the enormous diversity
of histone modifications became known, eventually leading to
the concept of a histone code (5) that defines a continuum of
chromatin flavors associated with regulatory and structural
functions. The complexity of this code and the limited tools
available to characterize chromatin limit our present ability to
define the permissive or restrictive chromatin states that are
targeted by pioneer factors. Despite this limitation, the basic
features that define pioneer factors (Fig. 1) are as follows: 1) the
ability to bind specific DNA sequences within “closed” or
unmarked chromatin where genomic DNA is not readily acces-
sible; 2) the ability to initiate chromatin remodeling leading to
DNA accessibility; 3) consequently to allow binding of other
transcription factors; and 4) finally to establish stable changes
in chromatin structure associated with DNA accessibility and
epigenetic stability. Collectively, these features imply that the
“act of pioneering” may be a one-shot affair, i.e. once enacted,
its effect on chromatin remains stable. Mechanisms for main-
tenance of chromatin state at pioneered sites may also exist.
This Minireview will discuss the unique aspects of pioneer
action and attempt to separate these from the transcriptional
actions of the same factors because pioneers do act as transcrip-
tional regulators like other TFs and often at the pioneered as
well as other target sites. The list of TFs that share at least some
features of pioneers is provided in Table 1.

Because the measure of chromatin features such as DNA
accessibility and chromatin marks are not just absent versus
present but are also present on a continuous scale, the expecta-
tion of pioneer function must be more clearly defined. Indeed,
DNA accessibility (whether measured by DNase sensitivity (6),
formaldehyde-assisted isolation of regulatory elements (FAIRE
(7)), or the ATAC procedure (8)) or histone marks, such as
histone H3K4me1 that marks active enhancer sequences (9),
exhibit greater values as the activity of enhancers or the number
of bound TFs increases (10). Increments in these marks may
reflect quantitative changes in enhancer activity rather that the
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switch from “closed” naive chromatin to a state of accessibility.
The label “pioneer” should thus be reserved for factors and
actions shown to elicit chromatin opening from a state of com-
plete absence of accessibility marks to the presence of such
marks. On the genome scale, it is thus very important to sepa-
rate the targets of pioneer action from those where the same
pioneer factors only exert classical transcriptional activity at
already accessible regulatory sequences; this requires an assess-
ment of chromatin status before and after pioneer factor action
in an experimental system dependent on cells that have never
been exposed (in their developmental history) to the pioneer if
epigenetic memory is indeed a pioneer property. Failing that, a
pioneer activity may be inferred, but formal demonstration
requires the before and after comparison.

Pioneers set the stage: Assisted-loading and settler
factors

Pioneers appear to share the property of interacting with
other TFs as do most TFs. Although very important from the
biological perspective, this property is not a defining feature of
pioneers. For example, the pioneer FoxA interacts with nuclear
receptors such as glucocorticoid (GR/Nr3c1), estrogen (ER/
Nr3a1), or androgen (AR/Nr3c4) receptors, and this allows
recruitment of these nuclear receptors at subsets of enhancers
(11–14) that establish hormone-responsive gene regulatory
networks (15). In this context, FoxA pioneers the opening
of subsets of enhancers targeted by the hormone-responsive
receptors. This subsequent binding of nuclear receptors has
been labeled as “assisted loading” (16), and the factors that
require the open chromatin state were labeled as “settler fac-
tors” (17). The binding of a settler factor may be essential in the
biological context, but it does not constitute the core pioneer
activity that is restricted to initiation of chromatin opening.
However, for this specific example, it appears that the interac-
tion between FoxA and nuclear receptor may be reciprocal as
nuclear receptors can also recruit FoxA to specific subsets of
enhancers (18).

Pluripotency factors

The reprogramming of diverse cells such as fibroblasts into
induced pluripotent stem cells(iPS) revealed the unique ability
of a group of factors to reverse the differentiation process (19)
toward a pluripotent state. These pluripotency factors (OSK for
Oct4, Sox2, and Klf4) initiate the remodeling (opening) of both
enhancers and transcription start sites (TSS). This was revealed
by deposition of H3K4me1/2 at targeted enhancers and of
H3K4me2/3 at TSS (20). The initial binding of these factors

occurs widely at unmarked (“closed”) chromatin to initiate
their remodeling; they thus act as pioneer factors (21). The ini-
tial binding of OSK factors is followed by a lengthy period
(weeks) of iPS cell selection that leads to the remodeling of large
chromatin domains of the epigenome from a somatic to a plu-
ripotent state. Interestingly, it was also reported that some of
the iPS cell-reprogrammed enhancers require the expression
and binding of more than one of the OSK factors. This suggests
that pioneers may also require a cooperative action to remodel
the epigenome (22). This process opens new sites for OSK bind-
ing together with sites for the accessory factor c-Myc (21).
There are broad domains where OSK factors cannot bind early in
reprogramming but only in the iPS cell state. These domains have
high levels of H3K9me3, and this may thus constitute a barrier that
contributes to refractoriness to OSK binding. Indeed, knockdown
of the histone methyltransferases SUV39H1/H2 that are respon-
sible for H3K9me3 deposition allows binding at previously
inaccessible sites (20, 21, 23). The pluripotency factors Oct4
and Sox2 have critical roles in normal development to activate
the zygote genome (24). In Drosophila, the factor Zelda has a
similar role for induction of the zygote genome (25), and this is
achieved through a pioneer mechanism of chromatin opening
(26).

Lineage-specifying pioneer factors

The first indication that FoxA factors have pioneer activity
came from showing that liver-specific FoxA-binding sites are
occupied in the endoderm before liver specification (27). FoxA
was then shown to bind nucleosomal DNA (28) and to open
compacted chromatin (29). Genome-wide studies then showed
its chromatin-remodeling activity (4, 30, 31) as well as the asso-
ciated nucleosome depletion (32). In Caenorhabditis elegans,
the FoxA-related factor PHA-4 is also critical for foregut devel-
opment, and this is achieved through pioneer action (33). Inter-
estingly, the pioneer action of PHA-4 is mostly exerted over
promoter regions, and this leads to recruitment of RNA poly-
merase II (34). This recruitment initially leads to a poised state
where RNA polymerase is paused on the promoter early on, and
transcription only occurs later in foregut development.

GATA4 is also present at liver-specific enhancers in early
endoderm, but its binding appeared supported by FoxA and did
not show as strong an ability to bind nucleosomal DNA (29).
GATA4 together with GATA6 are required for early liver
development (35–37). Hence, GATA factors appear to have
pioneer properties, although it may not be as effective as FoxA.
Nonetheless, GATA4, like FoxA, can induce trans-differentia-
tion into hepatocytes (38, 39).

Specification of the lymphoid, in particular macrophage, lin-
eages depends on the factors PU.1 and C/EBP�. PU.1 is critical
for development of these lineages (40). It initiates chromatin
remodeling and is associated with deposition of active enhancer
marks (41). Indeed, PU.1 increases chromatin accessibility and
promotes nucleosome depletion (42). C/EBP� can also trigger
trans-differentiation into that lineage and its binding to macro-
phage enhancers during that process is associated with deposi-
tion of the active enhancer marks H3K4me1 and H3K27ac.
Thus, C/EBP� and PU.1 independently act as pioneer for the
other during macrophage differentiation (43).

Figure 1. Salient properties of pioneer factors.
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The pituitary intermediate lobe is specified to a unique devel-
opmental fate by the pioneer factor Pax7 (44). This is achieved
through binding and chromatin remodeling of a subset of de
novo active melanotrope-specific enhancers. The opening of
these enhancers allows for recruitment of the differentiation
determination factor Tpit that achieves terminal differentiation
of this lineage. Pax7 pioneering results in appearance of DNA
accessibility together with deposition of active enhancer his-
tone marks (45).

Establishment of the B cell lineage requires the transcription
factor EBF1 (46), and this was associated with chromatin
remodeling and increased enhancer H3K4me2 (47). Some
EBF1 pioneer actions were shown to depend on an EBF1 C-ter-
minal domain that is required to trigger DNA accessibility and
deposition of active chromatin marks at a specific subset of
enhancers. Both C-terminally dependent and independent pio-
neer sites were enriched for the same EBF1 motif suggesting
that the EBF1 DNA-binding site is not the defining factor
between dependence and independence on the C-terminal
domain. This supports a model where different pioneer inter-
acting proteins may define functionally distinct subsets of pio-
neered enhancers (48).

Two neurogenic basic helix-loop-helix transcription factors
shown to reprogram fibroblast to the neuronal fate appear to
have pioneer activity. Indeed, Ascl1 is the driver of neuronal
differentiation in association with Brn2 and Myt11, and its
recruitment was associated with increased DNA accessibility
(FAIRE) and with increased active chromatin marks H3K4me1
and H3K27ac together with decreases in the repressive mark
H3K9me3 (49). The neurogenic factor NeuroD1 was also
shown to induce similar chromatin changes at enhancers and
promoters during neuronal reprogramming (50).

Pioneer interactions with DNA and chromatin

The pioneer factor activity was inferred from in vitro and in
vivo footprinting experiments that showed FoxA and GATA
site co-occupancy prior to hepatic specification (51). Flanking
TF sites were only occupied once cells are specified toward liver
identity, suggesting that pioneer factors have the unique ability
to bind “closed” or naive chromatin (21, 44). Despite many
genome-wide studies, the nature of this naive or closed chro-
matin remains vague, and the ability of pioneers to bind specific

chromatin states is still defined by the negative, i.e. the absence
of recognizable chromatin marks, and in some cases the pres-
ence of methylated cytosines in DNA. Indeed, as discussed
below, some pioneers can bind methylated target DNA,
whereas others appear to be methylation-sensitive.

Pioneer factors tend to have higher residency time or chro-
matin mobility than other TFs (18, 52) suggesting that stable
chromatin–pioneer interactions may be critical for pioneer
function. These stable chromatin–pioneer interactions may be
explained by direct nucleosome binding, as shown for FoxA and
the OSK pluripotency factors (29, 53). For FoxA, nucleosomal
interaction may partly rely on a FoxA domain that resembles a
linker histone H1 structure (31, 54). For the OSK factors, their
ability to target partial consensus motifs may allow their DNA-
binding domains to interact directly with nucleosomes (53).

In one instance, target DNA motif preference may play a role
in binding stability; indeed, the pioneer Pax7 preferentially rec-
ognizes a composite motif composed of binding sites for its
two DNA-binding domains, the homeodomain and paired
domains, leading to greater binding stability and possibly allow-
ing for pioneer action (44).

Epigenetic remodeling by pioneer factors

Pioneer factors provide competency for gene expression, but
their binding to closed chromatin is not in itself sufficient.
Indeed, chromatin remodeling is required to allow nonpioneer
TF binding and transcriptional activation at newly competent
regulatory sequences, primarily enhancers. The remodeling or
activation of regulatory sequences from a naive or “closed”
chromatin state appears to be a stepwise process (Fig. 2). None
of the pioneers characterized so far have unrestricted access to
the genome in heterochromatin; this was shown for FoxA,
Pax7, and the pluripotency factors. This aspect is discussed
below.

The first step in pioneer action is the initial binding (Fig. 2C)
to permissive heterochromatin (Fig. 2B), and it appears to be
rapid (e.g. less than 30 min for Pax7 (45)). This is followed by a
phase of binding stabilization (within 24 h for Pax7) that may or
may not be paralleled by nucleosomal changes that increase
accessibility (31) and to the appearance of low levels of the
H3K4me1 mark in the center of target enhancers (Fig. 2D).
These “accessible” or “primed” enhancers can undergo the final

Table 1
List of transcription factors that share at least some features of pioneers
For each feature listed at the top of the table are references within the table that provide supporting evidence.

Factor
Binding to

heterochromatin Chromatin activation
Epigenetic memory:
DNA demethylation

Cell fate
reprogramming

Nucleosome
binding

Mitotic
bookmarking

Ascl1/Mash1 102 102 102, 103
C/EBP� 43 104
Ebf1 47, 48 47, 48 48
Esrrb 105
Foxa 3 3, 4, 28, 31, 32 4, 69, 85 38, 39 28 77
Gata 59 59 38, 39 29 76
GR/AR 18 18
Klf4 21, 22 21, 22 106, 107 53
Neurod1 50, 70
Nrf1 70 70 Inhibitory (70)
Oct4 21, 22 21, 22 106, 107 53
p53 100, 101 100, 101
Pax7 44, 45 44, 45, 61 45 44
PU.I 41, 42 41, 42 104
Sox2 21, 22 21, 22 106, 107 53 78, 79
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step of enhancer activation that involves the binding of other
nonpioneer TFs, nucleosome depletion, and deposition of the
active enhancer mark H3K27ac that is associated with the his-
tone acetylase activity of the general coactivator p300 (Fig. 2E).

As most TFs, pioneers interact with chromatin remodeling
proteins that are found within large complexes. These com-
plexes have been associated with the process of transcription
itself and/or its activation/initiation; the same complexes or

different ones may be critical for the initial act of pioneering as
well as for continued transcriptional action of pioneers. The
challenge is thus to find experimental systems to separate these
two actions. For example, the BRG1 ATPase of the SWI/SNF
complex co-occupies many sites together with Oct4 in ES cells
(55), and knockdown of BRG1 affects ES cell pluripotency (56).
Oct4 is required for maintenance of open chromatin at enhanc-
ers in ES cells, and its inactivation leads to loss of accessibility at

Figure 2. Current scheme of pioneer action. The permissive chromatin state for pioneer action appears to be facultative heterochromatin. Following initial
weak binding of the pioneer, target site chromatin (mostly characterized at enhancers) undergoes a first transition where a central nucleosome becomes more
accessible, and this may (or not) overlap with a state of Primed enhancer characterized by a weak H3K4me1 signal. Complete activation of enhancers is
characterized by nucleosome depletion, bimodal distribution of H3K4me1 and H3K27ac, together with recruitment of the general coactivator p300 and other
transcription factors. Whereas the ability to bind methylated DNA target sites is not a unique feature of all pioneers, for most pioneers the current evidence
correlates pioneer-dependent chromatin remodeling with loss of CpG methylation at the newly accessible DNA/enhancers.
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these enhancers (57). Oct4 pioneer function is thus dependent
on the chromatin remodeler Brg1. Similarly, the INO80 remod-
eling complex co-occupies many sites in common with pluri-
potency factors, and its knockdown decreases chromatin acces-
sibility at those sites (58), suggesting that the complex may
increase accessibility following recruitment by the pluripotency
factors. Similarly, GATA3 was shown to require BRG1 for cell
reprogramming through pioneer action (59).

The Trithorax (Drosophila) complex (COMPASS in yeast
and MLL in mammals) is involved in activation (opening) of
chromatin structure (60). Pax7 was suggested to recruit the
MLL1/2 complex through interaction with its component
protein WDR5 (61), and FoxA1 directs H3K4me1 deposition
through recruitment of MLL3 at enhancers (62). Indeed, this
complex has H3K4me1 methylation activity and thus may lead
to enhancer activation. It may also be implicated in pioneering
as its component protein Ash2l is recruited to sites of Pax7
pioneering (45).

For transcriptional activation, chromatin accessibility is in-
creased at both promoters and enhancers by recruitment of the
variant histones H2A.Z and H3.3 that form unstable nucleo-
somes (63). FoxA factors (32, 64, 65) and CLOCK:BMAL1 (66)
promote recruitment of H2A.Z. This likely contributes to
nucleosome instability and loss, but it is not clear that this is
critical for pioneer action per se. Indeed, FoxA-dependent
nucleosome instability is not correlated with H2A.Z deposition,
and in this particular case, increased nucleosome accessibility
may result from displacement of the linker histone H1 (31).
FoxA factors have the unique property of containing a H1
mimic region that binds nucleosomes (28).

Barriers to pioneer binding and action

Although pioneers have the unique ability to bind their target
sequence within nucleosomes in contrast to many TF that can-
not, this does not mean that pioneers can bind all their target
sequences in the genome. Indeed, pioneers show different bind-
ing repertoires in different cell types. For example, Sox2 binds
different target subsets in mouse cortex and spinal cord (67),
indicating that there are additional constraints on pioneer
binding. Furthermore, the pluripotency factors OSK have a
large subset of targets that only become accessible in the late
phase of reprogramming toward iPS (21). The OSK-binding
sites within these latter binding regions initially have higher
levels of the repressive histone mark H3K9me3, and knock-
down of the histone-modifying enzymes SUV39H1/H2, and
SETDB1 to a lesser extent was sufficient to allow early binding
of Oct4 and Sox2 to these sites in fibroblasts. Thus, the mark
H3K9me3 associated with constitutive heterochromatin can
constitute a barrier to OSK and possibly other pioneer binding.
In addition, maintenance of heterochromatin by the histone
chaperone CAF-1 is important for stable somatic cell identity as
its knockdown accelerates cellular re-programming by pioneer
factors (68) Other pioneers such as Pax7,3 FoxA, and GATA
(69) also exhibit lineage-specific binding repertoires. It remains
to be seen whether all pioneers are subject to the same barriers

or whether some may have unique limitations, and hence dif-
ferent permissive chromatin environments.

Whereas DNA binding by some pioneers like Pax7 is insen-
sitive to CpG methylation within their DNA-binding site (45),
DNA methylation may be an impediment to binding of TFs that
have some properties of pioneers. Indeed, the factor Nrf1, pre-
dicted on theoretical bases to have pioneer action (17), will
trigger chromatin access (DNase sensitivity) only if its DNA-
binding site is unmethylated (70). The Nrf1 DNA-binding site
is very GC-rich and contains two CpG motifs; its DNA interac-
tion may thus be more sensitive to methylation. Another factor
with methylation-insensitive DNA binding may thus be
required to prime target enhancers through DNA demethyla-
tion to allow Nrf1 binding and action. There may thus be a
hierarchy of pioneers with differing potencies; “true” pioneers
may be considered to be those with methylation-insensitive
DNA binding and an ability to induce DNA demethylation, but
the biological context may provide an argument to consider
factors such as Nrf1 as pioneer. For example, global DNA de-
methylation occurs at two critical stages of mammalian devel-
opment, in the pre-implantation embryo and during primordial
germ cell proliferation and migration (71, 72). DNA methyla-
tion-sensitive pioneers may thus act as classical TFs in most
cells but transiently behave as pioneers during development.
Such limitation on pioneer action could explain specific roles
played by pioneers in distinct cell types. The detailed assess-
ment of the pioneer mode of action is thus critical to under-
stand their role in lineage specification.

Many pioneers exhibit extensive binding site subsets of low
affinity that are resistant to remodeling (45, 53). Some of these
sites appear to have degenerate DNA-binding site sequences
and were proposed to represent a mechanism for scanning tar-
gets. Notwithstanding this possibility, this mechanism does not
provide an explanation for selection of specific pioneering sites.

Stability of pioneer-induced chromatin remodeling

During development, pioneers stably reprogram the chro-
matin landscape leading to a stable cell identity. As such, they
would implement a memory for long-term maintenance of cell
identity. During mitosis, chromatin is disassembled and recon-
stituted after replication. There are mechanisms to reconstitute
the daughter cell chromatin landscape as in the mother cell
(73). It was proposed that pioneers, and possibly other TFs,
bookmark the chromatin during mitosis to allow re-establish-
ment of active regulatory networks. Indeed, although many TFs
were shown to be excluded from mitotic chromosomes (74, 75),
some pioneers appear to remain bound to mitotic chromo-
somes; for example, GATA1 binding is maintained in mitotic
chromosome at a tissue-specific subset of 5% of its chromatin
targets (76). Surprisingly, this study also identified mitosis-spe-
cific binding of GATA1 at sites that do not contain the consen-
sus GATA motif. Both specific and nonspecific binding sites on
mitotic chromosomes were also observed for FoxA1 (77) where
specific FoxA1 binding occurs at 15% of its interphase targets.
Recently, Sox2 and Oct4 were also shown to remain bound
during mitosis (78, 79). In this last study, the authors also show,
using live imaging techniques, that cross-linking with formal-
dehyde leads to eviction of most TFs from mitotic chromo-3 A. Mayran and J. Drouin, unpublished data.
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somes. They proposed a model where most TFs remain bound
during mitosis to maintain the original program despite only
showing this for the well-characterized pioneer Sox2.

The most stable epigenetic mark associated with inactive
heterochromatin is DNA methylation (80). Indeed, promoters
and CpG-rich promoter regions (CpG islands) that are
transcriptionally active are largely demethylated, and this is
required for activity. Similarly, active enhancer sequences are
hypomethylated, and the patterns of enhancer hypomethyla-
tion are associated with cell-specific gene– expression pro-
grams (81). Following replication, hemi-methylated CpG dinuc-
leotides are recognized and methylated by the Dnmt1–Uhrf1
complex (82, 83). Maintenance of DNA methylation patterns
by this mechanism thus ensures stability of lineage-specific
gene-expression programs. As inactive (closed) regions of chro-
matin that are targeted by pioneers have high DNA methyla-
tion, it is expected that pioneers should bind their target
sequence independently of DNA methylation, and this is
indeed the case for FoxA and Pax7, although there may be
exceptions as for Nrf1 discussed above (70).

Whereas direct DNA binding by FoxA and Pax7 is not
impaired by CpG methylation of their binding site, their action
leads to local demethylation of flanking enhancer sequences
beyond the DNA-binding site (45, 69). This demethylation is
associated with epigenetic memory and maintenance of an
open/accessible chromatin environment (45).

A few pioneer factors were investigated for their impact on
DNA methylation. FoxA1 can induce DNA demethylation (4)
thus demonstrating its impact on the DNA methylation land-
scape. Active DNA demethylation can be achieved by the Tet
enzymes (84), but for FoxA-dependent demethylation activity,
it was rather suggested to require recruitment of a FoxA1 DNA
repair complex (85). Also, EBF1 and Pax7 pioneer actions lead
to loss of DNA methylation (45, 48). The mechanism of pio-
neer-induced DNA demethylation remains uncertain as the
known DNA demethylation Tet pathway could not be impli-
cated in either FoxA or EBF1 action (48, 85). It is noteworthy
that FoxA-dependent chromatin remodeling can occur inde-
pendently of replication, whereas DNA demethylation is
impaired by blockade of replication (69). These data clearly
separate two steps in pioneer action, and these are consistent
with the time frames of action defined in an inducible system
for Pax7 (45).

Pioneer factors in cancer

In view of their chromatin remodeling activities, pioneer TFs
have the potential for significant epigenetic alterations as seen
in cancer. Indeed, FOX family genes are involved in several
cancers (86). Overexpression of Foxa1 is associated with a poor
prognosis in prostate cancer (87), although it is generally a good
prognosis of breast cancer (88). Point mutations of FOXA1
were also found in some prostate cancers, and this was associ-
ated with decreased androgen signaling and increased tumor
growth (89).

In ER� breast cancer cells, ER binding requires FOXA1 at
many binding sites showing the role of FOXA1 in driving hor-
mone response of these tumors (90). Similarly, AR binding is
also influenced by FOXA1; indeed, some AR-binding sites are

lost in cells depleted of FOXA1; however, many sites are also
gained suggesting a more complex relationship of FOXA1 with
AR than with ER (87, 91).

Also, FOXM1 is amplified in some breast cancers (92), in
non-Hodgkin’s lymphomas (93), or in malignant peripheral
nerve sheath tumors (94). FOXM1 is activated through post-
translational phosphorylation by ERK, and FOXM1 activation
is associated with a poor prognosis for many human cancers
such as lung, medulloblastoma, breast, gastric, and pancreatic
cancers.

Chromosomal translocations leading to fusion of the N-ter-
minal DNA-binding domain of PAX3 or PAX7 with the C-ter-
minal transactivation domain of FOXO1 (FKHR) were found in
rhabdomyosarcomas. These fusion proteins act as much more
potent activators than the native PAX3 or PAX7 (95). PAX3–
FOXO1 was shown to lead to activation of genes involved in
cancer development and to inappropriate expression of devel-
opmental TFs (96). PAX7 and FOXO1 both have pioneer activ-
ity (44, 97). As such, these fusion proteins may also function as
pioneers. Furthermore, FOXO3 or FOXO4 are trans-located to
MLL gene in acute lymphoblastic leukemia leading to increased
cell proliferation (98). FOXO proteins function as tumor sup-
pressors (99), and their loss of activity due translocation or dele-
tion may also lead to increased tumorigenesis.

Finally, two studies showed that the tumor suppressor p53
(TP53) can engage inaccessible chromatin. In one study, p53
binding led to deposition of H4K16ac together with H3K27ac at
non-TSS sites. However, neither gain of chromatin accessibility
nor deposition of H3K4me1 accompanied these changes, thus
possibly defining a unique chromatin environment specific to
p53 (100). A recent study showed that after DNA damage, a
subset of p53-binding sites are associated with de novo accessi-
bility assessed by ATACseq possibly highlighting a canonical
pioneer action of p53 (101).

Perspective

As exemplified in this Minireview, the critical aspects of pio-
neer action are still the least understood. First and foremost,
the molecular basis for pioneer access to their target DNA
sequences in closed chromatin remains obscure. There may be
more than one underlying mechanism as the mechanism pro-
posed for FoxA interaction with nucleosomal DNA, namely its
putative linker H1 mimicry binding interactions, does not seem
to apply to other pioneers. The question remains whether all
pioneers use the same molecular strategies to elicit chromatin
remodeling. They may also may differ in their ability to access
to various “flavors” of heterochromatin.

The initial binding and action of pioneers to closed chroma-
tin regions and the initiation of chromatin remodeling are the
critical features that distinguish pioneers from other TFs. Is
there something unique about pioneer action on chromatin at
this initiating event, or is the recruitment of chromatin remod-
eling complexes at that initiating event the same as those that
occur during activation of enhancer function in transcription?
This latter possibility would imply that the only unique aspect
of pioneer action is the ability to recognize target sites in
“closed” chromatin. Alternatively, this ability may be operating
in conjunction with recruitment of a unique set of chromatin
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remodelers involved in initiating chromatin opening but not
necessarily involved in maintenance of this accessible state. To
answer these difficult questions requires the availability of
experimental systems where the specific steps of pioneer action
can be followed and investigated. Is there something unique
about the maintenance of chromatin accessibility at pioneer
sites, or does this simply result from recruitment of enhancer
machinery (combination of TFs, chromatin remodelers, and
chromatin modifiers) leading ultimately to changes in the most
stable epigenetic mark, demethylation of DNA cytosines?

Addressing these questions is paramount to understand pio-
neer action and to use this knowledge in the context of cell fate
reprogramming. Understanding the nature of the cell fate
reprogramming that may occur during tumorigenic processes
will be critical for therapeutic development of cell therapies.
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Polycomb repressive complex 2 (PRC2) methylates lysine 27
in histone H3, a modification associated with epigenetic gene
silencing. This complex plays a fundamental role in regulating
cellular differentiation and development, and PRC2 overexpres-
sion and mutations have been implicated in numerous cancers.
In this Minireview, we examine recent studies elucidating the
first crystal structures of the PRC2 core complex, yielding sem-
inal insights into its catalytic mechanism, substrate specificity,
allosteric regulation, and inhibition by a class of small molecules
that are currently undergoing cancer clinical trials. We con-
clude by exploring unresolved questions and future directions
for inquiry regarding PRC2 structure and function.

Polycomb group (PcG)3 proteins represent transcriptional
repressors that are present in single-cell eukaryotes through
multicellular organisms (1, 2). The genes encoding many of
these proteins were initially characterized in Drosophila as key
regulators of epigenetic silencing of homeotic genes (3, 4). Sub-
sequent studies demonstrated that PcG proteins function
in the context of large heteromeric complexes that repress
gene expression within facultative heterochromatin. These
PcG complexes include Polycomb repressive complexes 1 and 2
(PRC1 and PRC2), as well as the more recently identified Pho-
repressive complex and Polycomb repressive deubiquitinase (1,
5–7). The PRCs possess intrinsic histone-modifying activities
that contribute to their functions in transcriptional repression.
PRC1 monoubiquitinates Lys-119 in histone H2A (H2AK119ub1)
and can compact chromatin by binding to nucleosomes,
whereas PRC2 is a lysine methyltransferase (KMT) that trim-
ethylates Lys-27 in histone H3 (H3K27me3), a modification

associated with PcG silencing (8 –15). PRC1 has been shown to
bind H3K27me3, whereas PRC2 can recognize H3K27me3 and
H2AK119ub1, facilitating the recruitment of the PRCs to spe-
cific genomic loci (16 –19). The interdependence of their enzy-
matic activities and chromatin localization illustrates how
PRC1 and PRC2 can function in concert to epigenetically
silence gene expression (20).

PRC2 comprises multiple subunits that facilitate its biologi-
cal functions. The minimal core complex that exhibits methyl-
transferase activity comprises the core subunits embryonic
ectoderm development (EED), Suppressor of Zeste 12 (SUZ12),
and the catalytic subunit Enhancer of Zeste Homolog 1 or 2
(EZH1 or EZH2) that possess a conserved catalytic SET domain
found in many KMTs (8 –11, 21–23). This core complex can
associate with additional subunits, including retinoblastoma-
binding protein 4 or 7 (RBBP4/7, also known as RBAP48/46),
adipocyte enhancer-binding protein 2 (AEBP2), Jumonji and
AT-rich interaction domain 2 (JARID2), and Polycomb-like
proteins to form holo-PRC2 complexes (9 –11, 20, 24, 25).
Many of these noncore subunits possess intrinsic histone or
DNA-binding activity and can mediate recruitment of PRC2 to
chromatin and promote H3K27 methylation (20, 26 –29). Dele-
tion of the genes encoding the PRC2 core subunits in mice
results in morphological defects and embryonic lethality,
underscoring their importance in regulating epigenetic pro-
grams that are essential to development and differentiation (22,
30, 31). PRC2 has also been shown to have context-dependent
roles in cancer (32–35). Deletions and loss-of-function muta-
tions of PRC2 core subunits have been characterized in certain
tumors, whereas overexpression and gain-of-function muta-
tions in EZH2 have been identified in a broad spectrum of can-
cers, illustrating that PRC2 can exhibit both tumor-suppressive
and oncogenic activities. With respect to tumorigenesis, PRC2
has been shown to silence the expression of genes that regulate
cell cycle checkpoints, differentiation, cell adhesion, and DNA
damage response, thus promoting cancer cell growth and
proliferation. Clinical data implicating PRC2 as an oncogenic
driver in cancer have spurred the discovery and development of
EZH2 inhibitors as a new class of chemotherapeutic drugs, sev-
eral of which are in pre-clinical studies or clinical trials (36 –46).

Since its discovery, there has been widespread interest in
understanding the architecture of the PRC2 complex and how
its structure facilitates chromatin association and histone meth-
ylation. Ciferri et al. (47) made initial strides toward this goal by
determining a low-resolution electron microscopy (EM) struc-
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ture of a holo-PRC2 complex, offering the first molecular level
view of its quaternary structure (for additional information
regarding this structure, please see Ref. 47). In this Minireview,
we examine the initial biochemical and structural studies of
individual PRC2 subunits that set the stage for the recently
reported X-ray crystal structures of the PRC2 core complex
(48 –51). These structures and accompanying biochemical
studies have provided a wealth of information regarding PRC2
subunit assembly, substrate recognition, catalysis, and allos-
teric regulation. In addition, we explore the first structure of
PRC2 in complex with a small molecular inhibitor of EZH2,
yielding seminal insights into its binding mode and mecha-
nism of inhibition (52). Finally, we discuss these studies in
the context of outstanding questions regarding PRC2 struc-
ture, function, and regulation, as well as the development of
novel chemotherapeutic drugs aimed at treating EZH2-
linked cancers.

Initial studies of the PRC2 core subunits

Structural and biochemical studies of individual PRC2 core
subunits paved the way for the subsequent structural determi-
nations of the core complex. Among the first subunits charac-
terized was the WD40 repeat protein EED. Using pulldown
assays with a series of EZH2 constructs of varying lengths, Han
et al. (53) identified a 30-residue motif (amino acids 39 – 68)
that mediated association with EED, which they termed the
EED-binding domain (EBD). To understand this interaction at
the molecular level, they determined the crystal structure of
mouse EED bound to an EBD peptide. As observed in other
WD40 proteins, EED adopts a �-propeller structure with each
of its seven WD40 repeats forming a propeller blade (Fig. 1A).
The EBD peptide binds to a complementary channel in the
larger circular surface of the EED �-propeller. The majority of
the EBD motif forms an �-helix that spans nearly the full diam-
eter of the EED �-propeller, with its C terminus adopting an
extended coil conformation. The helix and extended coil are
anchored to EED through an array of hydrogen bonds and van
der Waals interactions. Mutations of the residues forming the

EBD–EED interface either impaired or abolished binding, illus-
trating their importance in protein–protein recognition. Cor-
roborating these results, a sequence alignment of the human,
mouse, and Drosophila EBD motifs illustrates that the residues
that interact with EED are highly conserved, underscoring the
evolutionary role of the EBD in facilitating EZH2–EED associ-
ation in metazoans.

Following the characterization of EED and the EBD motif,
Margueron et al. (54) reported that recognition of repressive
histone lysine methylation marks by EED allosterically activates
H3K27 methylation by the PRC2 complex. Isothermal titration
calorimetry and fluorescence binding assays with trimethylated
histone peptides revealed that human EED physically binds
to histone methylation sites implicated in gene silencing,
including H1K26me3, H3K9me3, H3K27me3, and H4K20me3.
Conversely, EED exhibited either weak or negligible interac-
tions with peptides mimicking methylation sites linked to
transcriptional activation, such as H3K4me3, H3K36me3, and
H3K79me3. Crystal structures of human EED bound to
H1K26me3, H3K9me3, H3K27me3, and H4K20me3 peptides
illuminated the molecular basis for the selective recognition
of repressive methyl-lysine marks. The trimethylated histone
peptides bind in the center of the smaller circular surface of the
EED �-propeller, opposite to the side that recognizes the EBD
motif (Fig. 1, A and B). The trimethyllysine is bound within an
aromatic cage composed of Phe-97, Tyr-148, and Tyr-365 via
cation–� interactions that are observed in other methyl-
lysine– binding domains (Fig. 1B) (55). EED methylation site
selectivity is achieved through recognition of the residues that
are either two amino acids N- or C-terminal (�2 or �2 posi-
tions, respectively) to the methyl-lysine. In H3K9, H3K27, and
H1K26, an alanine in the �2 position of these methylation sites
binds in a small pocket on the surface of EED, whereas in
H4K20, Leu-22 (�2 position) interacts with a hydrophobic
pocket of the protein’s surface. Notably, H3K4, H3K36, and
H3K79 lack an alanine or a bulky hydrophobic residue in the �2
or �2 positions of their methylation site sequences, respec-

Figure 1. Crystal structures of PRC2 core subunits. A, ribbon rendering of the �-propeller domain of mouse EED bound to the EBD motif of EZH2 (PDB
accession code 2QXV). For clarity, proteins, domains, and motifs are uniformly color-coded throughout the figures (color key provided in Fig. 2A). B, human EED
�-propeller domain bound to an H3K27me3 peptide (PDB code 3IIW). The H3K27me3 peptide and the side chains of interacting residues in EED are depicted
in stick form, with the EED residues that compose the aromatic cage highlighted in orange. Hydrogen bonds are indicated by orange dashes. EED is rotated
�180° relative to its orientation in A. C, ribbon diagram of the isolated catalytic domain of human EZH2 (PDB code 4MI0). Zinc ions are illustrated as gray spheres.
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tively, illustrating how EED discriminates against recognition
of methyl-lysines linked to transcriptional activation.

After characterizing methyl-lysine recognition by EED, Mar-
gueron et al. (54) investigated whether association with meth-
ylated histone peptides allosterically regulates the activity of a
PRC2 complex comprising EZH2, EED, SUZ12, and RBAP48.
In the presence of an H3K27me3 peptide, PRC2 methylation of
recombinant oligonucleosomal substrates was allosterically
stimulated by 7-fold compared with its basal activity with an
unmodified H3K27 peptide. Kinetic analysis of this allosteric
regulation demonstrated that the Vmax value of PRC2 was
increased by H3K27me3 peptide, whereas the Km value for
oligonucleosomes was essentially unaltered. Methyltransfer-
ase assays performed in the presence of H3K27me1 and
H3K27me2 peptides showed only modest or no stimulation
relative to PRC2 basal activity, consistent with the observa-
tion that EED preferentially binds H3K27me3. Furthermore,
H3K9me3, H4K20me3, and H1K26me3 peptides only modestly
increased PRC2 activity compared with the larger stimulatory
effect observed for H3K27me3, whereas H3K4me3 and
H3K36me3 peptides exhibited no appreciable enhancement of
oligonucleosome methylation. An independent study largely
corroborated these results, with the exception that H1K26me3
was reported to inhibit nucleosome methylation by PRC2 (56).
In agreement with these findings, mutations of the aromatic
cage residues in EED abolished H3K27me3-mediated stimula-
tion of PRC2 in vitro and resulted in developmental defects and
lethality in Drosophila (54). Together, these results demon-
strate that the H3K27me3 recognition by EED mediates chro-
matin interactions and allosteric activation of PRC2, stimulat-
ing the propagation of this modification within chromatin.

In 2013, two groups independently determined crystal struc-
tures of the isolated catalytic domain of human EZH2 (57, 58).
These structures reveal that the N-terminal region of the cata-
lytic domain comprises a CXC domain possessing two Zn3Cys9
motifs, whereas the C-terminal region is composed of the SET
domain with an inserted SET (iSET) motif and a C-terminal
SET (cSET) motif that follows the SET domain (Fig. 1C). The
EZH2 SET domain possesses a �-sheet topology that is struc-
turally conserved across the SET KMT family (59), but it adopts
an autoinhibited conformation that renders it catalytically
inactive (57, 58). Notably, comparisons with the ternary com-
plexes of other SET domain KMTs bound to peptide substrates
and cofactors illustrate that the isolated EZH2 SET domain
adopts a conformation that is incapable of binding the methyl
donor S-adenosylmethionine (AdoMet) and the protein sub-
strate. Specifically, the cSET region is partially disordered and
oriented away from the cofactor-binding site in the isolated
EZH2 catalytic domain, eliminating interactions that are essen-
tial for AdoMet recognition. Moreover, the cSET motif is posi-
tioned within the substrate-binding cleft, occluding protein
substrate binding. Consistent with these observations, the iso-
lated EZH2 catalytic domain was unable to bind AdoMet or an
H3K27 peptide substrate and was inactive in methyltransferase
assays, whereas the PRC2 core complex containing EZH2, EED,
and SUZ12 displayed robust activity with the substrates, con-
curring with earlier studies (9, 10, 23, 58). Collectively, these
findings illustrate that the isolated EZH2 SET domain adopts an

autoinhibited conformation that is incapable of substrate bind-
ing and catalysis, underscoring the importance of the PRC2
core subunits in endowing the enzymatic activity of EZH2.

Chaetomium thermophilum PRC2 structure

Crystal structures of the thermophilic fungus C. thermophi-
lum PRC2 (CtPRC2) core complex offered the first insights into
its atomic level structure, catalytic mechanism, and allosteric
regulation (48, 49, 51). Jiao and Liu (48, 49) determined the
following two CtPRC2 structures composed of EED, EZH2, and
the SUZ12 VEFS domain: 1) the basal state bound to the methyl
transfer product S-adenosylhomocysteine (AdoHcy), and 2) the
stimulated state bound to AdoHcy and an allosteric H3K27me3
peptide. The overall architecture of CtPRC2 comprises regula-
tory and catalytic lobes, with EZH2 spanning between the two
lobes (Fig. 2A). EED forms the center of the regulatory lobe and
is surrounded by a belt composed of the N-terminal domains of
EZH2, including the SANT1-like binding domain (SBD), EBD,
�-addition motif (BAM), SET activation loop (SAL), stimula-
tion-responsive motif (SRM), and SANT1-like (SANT1L)
domains. The SBD associates with the SANT1L domain, com-
pleting the belt-like structure that encircles the EED �-propel-
ler domain. In the structure of the CtPRC2-stimulated state, the
H3K27me3 peptide interacts with the SRM motif and occupies
the allosteric binding site in EED, analogous to the human
EED–H3K27me3 complex (Figs. 1B and 2A).

The PRC2 catalytic lobe comprises the SUZ12 VEFS domain
and the C-terminal domains of EZH2, including the motif con-
necting SANT1L and SANT2L (MCSS) and the SANT2L, CXC,
and SET domains (Fig. 2A) (48). AdoHcy is bound within the
AdoMet-binding cleft of the SET domain and adopts a confor-
mation that is homologous to the cofactor-binding modes
observed in the structures of other SET KMTs (60, 61). In addi-
tion, an extended loop from a SUZ12 molecule in an adjacent
asymmetric unit in the crystal lattice interacts with the protein
substrate-binding cleft of the SET domain, mimicking a bound
substrate (49, 51). The interface between the two lobes is pri-
marily composed of the EED, SRM, and SAL domains in the
regulatory lobe, and the SUZ12 VEFS and SET domains and
iSET motif in the catalytic lobe. The subunit interactions at this
interface have an essential role in stabilizing and allosterically
stimulating the EZH2 SET domain in CtPRC2. Finally, a com-
parison of the CtPRC2 crystal structures and the human holo-
PRC2 EM structure reveals an overall high degree of structural
similarity, illustrating the conservation of the complex’s archi-
tecture between fungi and animals (47, 48).

The SAL motif plays an essential role in stabilizing the SET
domain in a catalytically productive conformation in the basal
and stimulated states of CtPRC2 (48). This motif sits at the
junction between the regulatory and catalytic lobes and inter-
acts with the EED �-propeller, SUZ12 VEFS domain, and the
EZH2 MCSS and SET domains (Fig. 2B). Deletion and muta-
tions of residues 310 –315 in the SAL motif, which interact with
the N-terminal region of the SET domain, abolished CtPRC2
catalysis but do not affect complex assembly. Furthermore,
substitutions in a subset of these residues (313–315) impaired
CtPRC2 activity, illustrating that a few key amino acids in the
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SAL domain are critical for maintaining the SET domain in a
catalytically productive conformation.

A comparison of the basal and stimulated states of CtPRC2
provides insight into the mechanism by which H3K27me3
binding to EED induces allosteric activation (48). A structural
alignment of these states reveals that the SRM motif is mobile
and disordered in the basal state but becomes fully ordered in
the stimulated state through direct interactions with the EED-
bound H3K27me3 peptide (Fig. 2C). Binding of the peptide to
the allosteric site induces a conformational change in the PRC2
complex, rotating the catalytic lobe in a counterclockwise
direction toward the SRM motif. The SRM structure is com-
posed of a coil followed by an �-helix that mediates interactions
between the H3K27me3 peptide and the iSET motif within the
SET domain (Fig. 2D). Residues Ala-24 through Ser-28 in the

H3K27me3 peptide interact with the SRM through a network
of hydrogen bond and van der Waals interactions. Notably, the
packing of the SRM motif against the H3K27me3 peptide steri-
cally occludes the binding of residues with large side chains in
the �3 position of the methylation site, corresponding to
Ala-24 in the H3K27 sequence. This observation concurs with
previous studies showing that H1K26me3, which harbors a
lysine in the �3 position, binds to EED but does not appreciably
stimulate PRC2 activity (54).

The �-helix of the SRM motif packs adjacent to the iSET
�-helix through a series of hydrophobic interactions, facilitat-
ing allosteric communication between the regulatory and cata-
lytic lobes of CtPRC2 (Fig. 2D) (48). These interactions stabilize
the iSET motif, as evidenced by the ordering of the C-terminal
residues in the iSET motif that are disordered in the basal state

Figure 2. Structure and allosteric activation of the CtPRC2 core complex. A, ribbon representation of the stimulated state of CtPRC2 bound to an H3K27me3
peptide and AdoHcy (PDB code 5KJH). Ligands are shown in stick form, and zinc ions are rendered as spheres. The inset key denotes the color code used to
distinguish the different proteins, domains, and motifs composing the complex. B, close-up view of the interface between the regulatory and catalytic lobes.
The side chains of key residues in the SAL domain are illustrated. C, superimposition of the basal and stimulated states of PRC2 with the basal state denoted in
gray (PDB codes 5KJI and 5KJH). D, zoomed-in view of the stimulated state of CtPRC2 (PDB code 5KJH). The surface of EED is depicted, and the EZH2 domains
and motifs are rendered in ribbon representation. The H3K27me3 peptide, AdoHcy, and the side chains of relevant residues in the SRM and iSET motifs and the
SET domain are shown in stick form. Hydrogen bonds are denoted by orange dashes.
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(Fig. 2C). This stabilization presumably contributes to the allos-
teric stimulation of the SET domain. Consistent with these
observations, mutations or deletions of the SRM residues that
interact with the H3K27me3 peptide or the iSET motif, includ-
ing Pro-325, His-326, Asp-329, and Leu-350, disrupted PRC2
stimulation, underscoring their importance in allosteric regu-
lation within the complex (Fig. 2D). In summary, the structure
of the CtPRC2-stimulated state reveals that the SRM motif
functions as an allosteric sensor that detects the binding of the
repressive trimethyl-lysine marks to EED and transmits the
conformational signal through the iSET motif to the SET
domain, thus stimulating PRC2 activity.

Human PRC2 structure

Following the publication of the CtPRC2 complex, Justin et
al. (50) reported the crystal structure of the stimulated state of
the human PRC2 (HsPRC2) core complex bound to AdoHcy,
an allosteric JARID2-K116me3 peptide, and an H3K27M inhib-
itor peptide (Fig. 3A). The allosteric peptide is based upon the
trimethylation of Lys-116 in JARID2 by PRC2, which has been
shown to bind to EED and activate the complex, analogous to
H3K27me3 (54, 56, 62). The H3K27M peptide is derived from a
missense mutation first identified in a subset of pediatric glio-
blastomas and inhibits PRC2 activity by associating with the

protein substrate-binding cleft in the EZH2 SET domain (63,
64). Superimposition of CtPRC2 and HsPRC2 structures illus-
trates their overall homology, highlighting the evolutionary
conservation of the core complex from fungi to mammals (Fig.
3B). Nonetheless, there are notable variations between the two
structures. In the regulatory lobe, C. thermophilum EED pos-
sesses an inserted motif in the sixth blade of the �-propeller,
which is absent in the human protein. In addition, the EZH2
SBD and SANT1 domains are shifted relative to each other in
the CtPRC2 and HsPRC2 structures. The EBD domains also
differ between the two complexes. In HsPRC2, the EBD forms
an �-helix that nearly spans the diameter of the EED �-propel-
ler, analogous to the mouse EED–EBD structure, whereas in
CtPRC2, the EBD adopts a short �-helix followed by an
extended coil that connects to the BAM (Figs. 1A, 2A, and 3, A
and B). In the catalytic lobe, the SRM �-helix of HsPRC2 is
shorter than the corresponding helix in CtPRC2, whereas the
iSET helix is longer and exhibits a slightly bent conformation in
human EZH2 compared with CtPRC2. Furthermore, the C ter-
minus of the human MCSS motif possesses an additional �-he-
lix that serves as a docking site for nascent RNAs that bind
PRC2 and inhibit its activity (65). In contrast, the MCSS motif
of CtPRC2 lacks this helix, implying differences in how RNA
may modulate the activities of fungal and vertebrate PRC2.

Figure 3. Structure and regulation of the HsPRC2 core complex. A, ribbon diagram of the stimulated state of HsPRC2 in complex with JARID2K116me3 and
H3K27M peptides and AdoHcy (PDB code 5HYN). Proteins, domains, and motifs are colored as in Fig. 2. Peptides and AdoHcy are rendered as sticks, and zinc
ions are depicted as spheres. B, superimposition of the stimulated CtPRC2 complex (gray) and the stimulated human PRC2 complex (PDB codes 5KJH and 5HYN).
C, structural alignment of the isolated SET domain of EZH2 (gray) and the SAL, SRM, iSET, cSET, and SET domains of EZH2 in the HsPRC2-stimulated complex
(PDB codes 4MI0 and 5HYN). D, close-up view of the H3K27M peptide and AdoHcy bound to HsPRC2 (PDB code 5HYN). The H3K27M peptide, AdoHcy, and the
side chains of interacting residues are illustrated as sticks. Hydrogen bonds are indicated by orange dashes.
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A comparison of structures of the isolated human EZH2 cat-
alytic domain and the stimulated state of HsPRC2 reveals the
interactions within the core complex that stabilize and alloster-
ically activate the SET domain (50, 57, 58). In HsPRC2, the SAL
motif engages in hydrophobic interactions with residues in the
N-terminal region of the SET domain, causing it to adopt a
conformation distinct from the structure of the isolated cata-
lytic domain (Figs. 1C and 3C). The SAL motif also buttresses
the residues in the SET domain flanking the iSET �-helix,
inducing a counterclockwise rotation of the helix compared
with the helix in the isolated protein. Further stabilizing this
rotation, the SRM and iSET �-helices pack anti-parallel to each
other through a network of side chain-mediated van der Waals
interactions. Most notably, the cSET motif of EZH2 adopts
strikingly different conformations in the isolated catalytic
domain and HsPRC2 structures. In the isolated protein, the
cSET region is mostly disordered and occupies part of the pro-
tein substrate-binding cleft, contributing to EZH2 autoinhibi-
tion (Figs. 1C and 3C). In contrast, the cSET motif is flipped in
the opposite direction in the HsPRC2 structure, enclosing the
AdoMet-binding pocket. Correlatively, the cSET motif adopts a
structurally homologous conformation and interactions in the
stimulated state of CtPRC2 (Figs. 2, A and C, and 3B) (48, 49).
This conformational change induces a dramatic repositioning
of the residues in the C terminus of the SET domain and cSET
motif that completes the formation of the substrate-binding
clefts, as highlighted by the alteration in the orientation of Tyr-
728 between the isolated EZH2 and HsPRC2 structures (Fig.
3C). In summary, the SAL, SRM, and cSET motifs promote a
catalytically productive conformation of the SET domain in
PRC2, relieving the autoinhibited state of the isolated EZH2
catalytic domain.

The HsPRC2 structure yields key insights into its inhibition
by the oncogenic H3K27M mutation (50, 63, 64). The H3K27M
peptide binds in an extended conformation in the protein sub-
strate-binding cleft formed by the SET domain and iSET motif,
analogous to the substrate-binding modes observed in other
SET KMT structures (Fig. 3D) (59, 66). The backbone of the
H3K27M peptide is anchored in the substrate-binding cleft
through a network of hydrogen bonds and van der Waals inter-
actions with the residues composing the cleft. Recognition of
the H3K27 methylation site occurs through hydrogen bonding
between the side chains of Arg-26 in the peptide and Asp-652 in
the iSET motif, as well as hydrophobic interactions with the
side chains of Ala-25 and Ala-29 in histone H3. Together, these
interactions deposit the K27M side chain of the peptide into the
SET domain’s hydrophobic lysine-binding channel that is lined
with multiple aromatic residues. Notably, somatic mutations of
Tyr-641 within this channel have been identified in certain
types of non-Hodgkin lymphoma (67–69). It has been postu-
lated that oncogenic mutations of Tyr-641 to smaller amino
acids, such as phenylalanine, histidine, serine, asparagine, and
cysteine, widen the lysine-binding channel, enhancing H3K27
trimethylation that drives gene repression by PRC2.

To assess the contributions of these interactions to H3K27M
recognition, Justin et al. (50) characterized the binding of vari-
ous histone H3 peptides to HsPRC2. Using a fluorescence ani-
sotropy displacement assay, an H3K27M peptide was observed

to bind 16-fold more tightly to PRC2 than an H3K27 substrate
peptide. Substantiating this finding, a prior study demonstrated
that substitution of Lys-27 in a histone H3 peptide with the
noncanonical amino acid norleucine resulted in more potent
inhibition of PRC2 compared with an H3K27M peptide, illus-
trating the lysine-binding channel’s preference for binding to
long aliphatic side chains (64, 70). In addition, mutations and
post-translational modifications of Arg-26 and Ser-28 in the
H3K27M peptide diminished its binding affinity and inhibition
of PRC2, demonstrating that residues flanking Lys-27 contrib-
ute to site recognition (50, 70). Based on these results, Justin et
al. (50) proposed a model for H3K27M-mediated inhibition
wherein the EZH2 SET domain and EED bind to nucleosomal
H3K27M and to repressive methyl-lysine marks, such as
H3K27me3, respectively. These multivalent interactions would
serve to anchor PRC2 to chromatin, thus sequestering and
inhibiting the propagation of H3K27 methylation in hetero-
chromatin (50).

Structure of a PRC2–inhibitor complex

Overexpression and somatic mutations of EZH2 and other
PRC2 subunits have been implicated as oncogenic drivers in
multiple cancers, rendering PRC2 an attractive target for the
design of new chemotherapeutic drugs (32, 33). Multiple
groups have reported the development of small molecules that
exhibit potent inhibition of EZH2 in vitro and in vivo, with
several of these compounds in preclinical studies or clinical
trials (36). The majority of these EZH2 inhibitors possesses a
pyridone core that is key to inhibiting PRC2, although the
molecular mechanism by which these compounds target PRC2
had remained poorly understood. To gain insight into their
mechanism of action, Brooun et al. (52) determined the struc-
ture of a chimeric PRC2 core complex composed of human
EED, the VEFS domain of human SUZ12, and Anolis carolin-
ensis (Carolina anole) EZH2 bound to inhibitor-1, a pyridone-
containing EZH2 inhibitor (Fig. 4, A and B). A. carolinensis
EZH2 displays 95% sequence identity with human EHZ2 and
was selected for these studies based on its greater enzymatic
activity compared with the human protein and its propensity to
crystallize in the context of the PRC2 core complex (for addi-
tional information, see Ref. 52). In the chimeric PRC2 complex,
the inhibitor occupies a relatively hydrophobic pocket formed
by EED and the SAL motif and the SET domain of EZH2 (Fig.
4C). The pyridone core is recognized via hydrogen bonding
with Trp-624 and van der Waals interactions with the side
chains of Trp-624, Phe-665, Arg-685, Phe-686, and Asn-688 in
the SET domain. The fused 2-piperidinone and 1,4-dichloro-
benzene rings of inhibitor-1 form van der Waals contacts with
the side chains of the SAL residues Ile-109 and Tyr-111, Phe-
665 in the SET domain, and Tyr-661 and Cys-663 in the iSET
motif. In addition, the Tyr-111 engages in a hydrogen bond
with the 2-piperidinone moiety. Finally, the piperidine and
hydroxypropanoyl moieties of inhibitor-1 participate in van der
Waals interactions with the side chains of Tyr-111 in the SAL
motif and Val-657, Tyr-658, and Tyr-661 in the iSET motif. The
hydroxypropanoyl group also forms a hydrogen bond with Arg-
222 in EED. Consistent with these findings, a recently reported
structure of HsPRC2 bound to a different pyridone inhibitor
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reveals a similar binding mode and interactions with the SET
domain and the iSET and SAL motifs of EZH2 (71). Impor-
tantly, the pattern of hydrogen bonds and van der Waals con-
tacts with the pyridone core is analogous between the two
inhibitor-containing complexes, revealing a common mecha-
nism by which these compounds target PRC2.

Structural and functional studies of inhibitor-1 provide
insights into its mechanism of PRC2 inhibition and how muta-
tions in EZH2 confer resistance to the pyridone class of inhib-
itors (52). Prior kinetic studies had shown that the pyridone
compounds function as AdoMet-competitive inhibitors of
PRC2 (37, 72). The structure of PRC2 bound to inhibitor-1
offers an explanation for this mode of inhibition. Structural
alignment of PRC2–inhibitor-1 complex and the HsPRC2–
AdoHcy–JARID1K116me3–H3K27M peptide complex reveals
that the pyridone core of the inhibitor occupies the region of
the cofactor-binding pocket that binds to the methionyl moiety
of AdoMet, thus directly occluding substrate binding (Fig. 4D).
Notably, there is no detectable binding of the pyridone inhibi-
tors to the isolated catalytic domain of EHZ2 (57), implying that
the interactions with the SAL motif are essential to the inhibi-
tion of the SET domain in PRC2. Correlatively, mutations of
certain residues within the pyridone compound– binding cleft
have been identified that diminish PRC2 inhibition in in vitro
and cancer cell– based assays (73, 74). These mutations include

substitutions of Ile-109 and Tyr-111 in the SAL motif and Tyr-
661 in the iSET �-helix, which alter the polarity or contour of
the inhibitor-binding pocket (Fig. 4C). In particular, a Y111L
missense mutation reduced PRC2 inhibition by inhibitor-1 by
70-fold in vitro and conferred resistance to a related pyridone
inhibitor in tumor cell proliferation assays (74). Taken together,
these studies elucidate the binding mode and AdoMet-compet-
itive mechanism of the pyridone inhibitors and provide a
molecular explanation for EZH2 somatic mutations that impart
resistance to these compounds.

Future directions

The PRC2 crystal structures have yielded fundamental
insights into subunit interactions, substrate recognition, and
allosteric activation of the core complex and will provide a
foundation for ongoing efforts to determine new structures of
PRC2 complexes (48, 50). Indeed, while this article was under
review, Bratkowski et al. (75) reported novel structures of the
CtPRC2 apoenzyme and a CtPRC2–AdoMet complex, illus-
trating that the apoenzyme adopts an autoinhibited conforma-
tion that is relieved upon binding to AdoMet. Complementing
these X-ray structures, the low-resolution EM structure of
holo-PRC2 illustrates the spatial arrangement of the core sub-
units bound to AEBP2 and RBAP48 (47). Building upon these
studies, high-resolution EM combined with X-ray crystallogra-

Figure 4. Structural basis for small molecule inhibition of PRC2. A, structure of inhibitor-1, a pyridone-based EZH2 inhibitor. B, structure of the human/anole
chimeric PRC2 core complex bound to inhibitor-1 that is depicted in sphere mode (PDB code 5IJ7). C, close-up view of the pyridone inhibitor-binding cleft,
highlighting residues that make key interactions with inhibitor-1. The inhibitor and interacting residues in PRC2 are represented as sticks. Hydrogen bonds are
denoted by orange dashes. D, superimposition of the active sites of the PRC2–inhibitor-1 complex and the HsPRC2–AdoHcy–JARID1K116me3–H3K27M
peptide complex (PDB codes 5IJ7 and 5HYN).
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phy of PRC2 holo-complexes would furnish an atomic resolu-
tion view of its architecture and the subunit interactions that
mediate holo-complex assembly. Indeed, crystal structures
have begun to elucidate these subunit interactions, such as the
structure of Drosophila NURF55 (the fly homolog of mamma-
lian RBBP4/7) bound to a SUZ12-interacting motif (29).
Beyond structural determination of the holo-complex, our
understanding of how holo-PRC2 recognizes chromatin at the
molecular level remains limited. Prior studies have demon-
strated that holo-PRC2 preferentially methylates di- and oligo-
nucleosomal substrates (9, 11, 76, 77) and that subunits pos-
sessing histone or DNA-binding domains may play a central
role in facilitating recruitment to chromatin (20). For example,
JARID2 and AEBP2 harbor DNA-binding domains, whereas
NURF55 and EED have been shown to recognize the N-termi-
nal tails of core and linker histones (1, 20, 25, 26, 29, 54, 56, 78).
Conversely, modifications associated with transcriptionally
active chromatin, including H3K4me3 and H3K36me2/3, have
been shown to interact with subunits in PRC2 and inhibit its
enzymatic activity (29, 79, 80). Together, these findings have
been instrumental in the development of models of holo-PRC2
bound to nucleosomes, explaining the molecular basis of its
chromatin recruitment, substrate specificity, and allosteric
regulation (47). Higher resolution structures of holo-PRC2
bound to di- or oligonucleosomes will be essential in obtaining
an atomic-level view of how its subunits mediate multivalent
engagement with nucleosomal substrates and regulate its enzy-
matic activity.

The ability to determine crystal structures of PRC2 in com-
plex with inhibitors represents a milestone in the design and
optimization of potent and selective EZH2 inhibitors (52, 71).
With respect to the pyridone class of inhibitors, the pyridone
core occupies the methionyl portion of the AdoMet-binding
cleft, where it is recognized through an analogous set of inter-
actions with residues in the SET domain (Fig. 4, C and D). It is
conceivable that the pyridone core could be further derivatized
to incorporate pendant groups that occupy the remainder of
the cofactor-binding site, potentially mimicking the adenosyl
moiety of AdoMet. Outside of the pyridone core, there is con-
siderable variability in the structures of the pyridone inhibitors
that have been reported by various groups (36). This variability
suggests plasticity in the region of the inhibitor-binding pocket
composed of the iSET and SAL motifs and EED that could be
exploited to further enhance potency (Fig. 4C). In addition, a
separate class of non-pyridone EZH2 inhibitors possessing a
tetramethylpiperidinyl benzamide core has been discovered
that inhibits PRC2 activity in vitro and blocks B cell lymphoma
proliferation (81, 82). These compounds exhibit AdoMet-com-
petitive inhibition of EZH2, but their interactions with PRC2
are not well-understood at the molecular level. Crystal struc-
tures of PRC2 in complex with these inhibitors would be
informative in understanding how their binding modes com-
pare with that of the pyridone inhibitors. In summary, PRC2
structures bound to EZH2 inhibitors will accelerate the devel-
opment of these compounds as a new class of chemotherapeu-
tics, offering novel avenues for the treatment of cancer.
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Transgenerational inheritance requires mechanisms by which
epigenetic information is transferred via gametes. Canonical
thought holds that mammalian sperm chromatin would be inca-
pable of carrying epigenetic information as post-translational
modifications of histones because of their replacement with
protamine proteins. Furthermore, compaction of the sperm
genome would hinder DNA accessibility of proteins involved in
transcriptional regulation and genome architecture. In this
Minireview, we delineate the paternal chromatin remodeling
events during spermatogenesis and fertilization. Sperm chro-
matin is epigenetically modified at various time points through-
out its development. This allows for the addition of environ-
ment-specific modifications that can be passed from parents to
offspring.

Background

Sperm chromatin in mammals is thought to be structurally
distinct from that of somatic cells. In somatic cells, chromatin
contains epigenetic information in the form of DNA methyla-
tion and post-translational modifications on histones, informa-
tion that is thought to influence chromosome architecture and
gene expression. Methylation at the 5-position of a cytosine
base pair is an epigenetic mark predominantly located at
cytosine–phosphate– guanine (CpG)2 dinucleotides and is
associated with gene silencing when at the promoter and active
transcription when in the gene body (1). These site-specific
marks are established in sperm by DNA methyltransferases
(DNMT) and ten-eleven translocation methylcytosine dioxyge-
nase (TET) proteins performing active DNA methylation and
demethylation, respectively (2). Post-translational modifica-
tions in histones come primarily in the form of methylation or

acetylation of amino acids in the N-terminal tails of these pro-
teins, which in turn affect the structure of chromatin (3). These
modifications correlate with either transcriptionally active or
silenced regions of the genome.

One considerable difference between sperm and all other
cells is its size. Although mammalian sperm possess half the
DNA than is contained in a typical somatic cell, the nucleus has
40-fold less volume (4). A comparison of mouse sperm nuclei
with that of liver cells, taking into account the nuclear volume,
density of DNA packaging, and difference in ploidy of these cell
types, uncovered a 6-fold compaction of sperm nuclear DNA
(4, 5). It has been hypothesized that this compaction is due to
the presence of smaller protamine proteins on sperm DNA
replacing larger, more complex histone octamers (Fig. 1A) (6).
Protamines are basic 50 – 60 –amino acid sequence proteins
with DNA-binding domains of 10 –11 amino acids. The prota-
mine binds to the major groove of the DNA and neutralizes its
phosphate backbone (7). Early studies assumed that the
replacement of nucleosomes with protamines is responsible for
the tight packaging of DNA in the sperm nucleus; however,
certain organisms such as zebrafish (Danio rerio) have similarly
small, dense sperm nuclei and no protamines (8, 9). Based on
these reports, it remains unclear what role protamines play in
sperm.

Until recently, it has been thought that the role of sperm in
mammals is to deliver the transcriptionally inert paternal DNA,
mostly devoid of histones and complexed with protamines, to
the egg during fertilization (10, 11). However, recent findings
suggest a more conventional view of sperm chromatin, with
histones containing typical covalent modifications retained at
important genomic sites and a three-dimensional architecture
similar to that of somatic cells (Fig. 1B) (12–16). Mammalian
sperm may thus be capable of not only carrying epigenetic
information, but also passing this information to cells of the
early embryo, producing changes that may affect differentiated
adult tissues.

Foundations of the epigenetic landscape established in
primordial germ cells: Sperm development

Mouse spermatogenesis takes place in three phases, which
include self-renewal of spermatogonia through mitosis, fol-
lowed by meiosis of spermatocytes to form haploid spermatids
and transformation of spermatids into spermatozoa by means
of spermiogenesis (17). Spermatozoa development begins from
primordial germ cells (PGCs) at the base of the emerging allan-
tois in the endoderm of the yolk sac of the mouse embryo (18).
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PGCs migrating into the genital ridges between E 7.5 and E13.5
(19) undergo extensive epigenetic reprogramming in the form
of global demethylation. PGC methylation level reaches its
minimum between E10.5 and E12.5 (20). The process of sexual
dimorphic development of the post-migration PGCs into male
gametes begins at E13.5 and involves extensive remethylation
of sperm DNA. Around day 5 after birth, some prospermato-
gonia within the basement membrane of the pup’s seminiferous
tubule resume mitotic division to form primary spermatocytes.
Secondary spermatocytes are formed by meiotic division, and
they later divide once more to become haploid spermatids. The
remaining prospermatogonia not forming spermatids will con-
tinue to divide mitotically and produce spermatogonial stem
cells, to ensure the continuation of spermatogonia supply.
Finally, spermiogenesis involves microtubule growth, tail for-
mation, and the tight packaging of DNA into condensed, prota-
mine-bound chromatin (21).

Chromatin state in mature sperm

Methylation

Mature sperm are highly methylated on a global level as com-
pared with somatic cells (Fig. 1A) (22). This methylation, estab-
lished by DNMTs during spermatogenesis, is necessary for nor-
mal embryo development (23, 24). Several groups have found
that patterns of paternal methylation are maintained through
the early embryonic stages, suggesting that this methylation
continues to serve a regulatory role during embryo develop-
ment (23–25). Furthermore, several oocyte-derived genes in
the developing embryo adopt a methylation pattern similar to
that of sperm, namely gaining methylation in genes involved in
germlinespecification(25).Itappearsthatthedenseglobalmeth-

ylation on sperm is highly gene-specific, which may play a role
in directing transcription in the early embryo.

Equally important as site-specific methylation in the sperm
genome is the absence of this modification from specific
sequences. Sites in sperm that are demethylated despite the
dense global methylation levels lie mostly in CpG islands,
regions of high CpG density, found mostly near promoters (26).
One comparison study between human sperm and embryonic
stem cells (ESCs) found very similar distributions of methyla-
tion in each cell type. They found an enrichment of hypomethy-
lated regions at promoters and highly methylated repeat
elements (27). This group also found that sperm-specific
hypomethylated regions are located within genes related to
germ cell development. Another group confirmed these find-
ings in a comparison study with oocytes and early embryos.
They found hypomethylated sequences enriched at high-den-
sity CpG promoters, enhancers, and exons. Sperm exhibits a
high density of methylation at intergenic regions (28). There is
evidence of parent-of-origin–specific methylation patterns in
the early embryo, with the male sperm contributing primarily
differentially methylated sites in intergenic regions (29). DNA
methylation is globally erased and re-established both during
spermatogenesis and after fertilization, suggesting that 5mC
may not be a good candidate, on its own, to carry epigenetic
information between generations in mammals. However, evi-
dence of site-specific methylation in mature sperm suggests
there must be complementary or alternative pathways by which
epigenetic information can be altered and transmitted through
the paternal germline. Other candidate mechanisms are dis-
cussed below.

Figure 1. Old and new views of chromatin structure in mature sperm. A, most sperm DNA was thought to be packaged in protamine toroids (yellow rings)
and remaining histone octameres (yellow spheres). DNA is methylated at 5mC (pink), whereas histones are methylated or acetylated in their N-tails. B, recent
results suggest the retention of more nucleosomes than previously thought in mouse sperm. These nucleosomes contain most or all histone modifications
found in somatic cells (data not shown). Well-positioned nucleosomes flank TSSs and transcription factor-binding sites, including CTCF. Many enhancers and
super-enhancers active in embryonic or adult tissues are already specified in the sperm epigenome. CTCF and cohesin mediate long-range chromatin
interactions and establish the three-dimensional architecture of the chromatin. This is represented by a Hi-C heatmap displaying sperm chromatin organiza-
tion into compartments and domains similar to those found in other cell types.
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Histone modifications

In 1977, Balhorn et al. (30) examined histones retained in
human and mouse sperm by electrophoretic analyses of HCl-
extracted proteins from sperm chromatin. They determined
that only 1% of the mouse sperm genome is associated with
histones (Fig. 1A), and these histones were said to be related to
developmental and/or housekeeping genes important for
embryo development (31). However, more recent studies using
micrococcal nuclease DNA digestion and ATAC-seq (assay for
transposase-accessible chromatin using sequencing) tech-
niques revealed that 7.5% of histones present in diploid somatic
cells are retained in sperm nuclei when taking ploidy into
account. The distribution and location of these histones in the
paternal genome are actively debated, with some reports sug-
gesting histones are distributed primarily within distal inter-
genic and intronic regions, and others have identified enrich-
ment in imprinted genes (14, 15). This discrepancy may be
explained by differences in methodology (14).

Results from ATAC-seq and ChIP-seq experiments suggest
that sperm histones located in promoter regions possess post-
translational modifications that are both a consequence of the
transcriptional state of the preceding round spermatid stage as
well as a prelude to expression patterns observed in ESCs and
adult tissues (Fig. 1B). Modifications on histones at promoters
can either be active, repressive, or bivalent. Approximately 60%
of sperm promoters are in an active epigenetic state, and the
TSSs of these promoters are flanked by three to four nucleo-
somes upstream and five to six nucleosomes downstream (16).
It has been shown that 28% of promoters containing
H3K27me3 also have H3K4me2, bivalent marks indicative of a
poised promoter state (13). These are surprising findings con-
sidering the transcriptionally inert state of mature sperm. How-
ever, current studies have found that genes encoding for pro-
teins involved in embryo development, HOX, SOX, FOX, TBX,
PAX, CDX, and GATA family transcription factors, are the
ones whose promoters possess these bivalent marks (12, 13,
33–35). Perhaps these histone modifications contain epigenetic
information that affects transcription in the early embryo.

Sperm not only have promoters in a primed state that corre-
lates with expression in mESCs, but they also appear to have
enhancers in a similar state (Fig. 1B). Sperm enhancers were
defined by the presence of ATAC-seq signal and the presence of
H3K4me1 and H3K27ac (16). Results from ATAC-seq experi-
ments suggest the presence of around 58,000 transposase-hy-
persensitive sites that may be bound by specific transcription
factors, 10,240 of which correspond to enhancers previously
identified in embryonic or adult tissues. In addition to typical
enhancers, the sperm genome also contains around 645 super-
enhancers, most of them in common with mESCs or specific
cell lineages found in the adult organism. Interestingly, super-
enhancers are present in loops formed by CTCF and cohesin to
create insulated neighborhoods as found previously in mESCs
(Fig. 1B) (36). These results suggest that enhancer elements are
already specified in the sperm and may be primed for subse-
quent function during embryogenesis and in the establishment
of specific cell fates during the formation of differentiated tis-
sues (16).

3D organization of sperm chromatin

The dense compaction of sperm chromatin was thought to
result in the establishment of a 3D architecture very different
from that of somatic cells. However, recent studies suggest that
the three-dimensional organization of sperm chromatin is very
similar to that of other cells, in particular the ESCs (16, 37).
CTCF is an architectural protein responsible, at least in part, for
this organization (38), and binding motifs for CTCF can be
detected at micrococcal nuclease and ATAC-seq sites on sperm
DNA, suggesting that this protein may be retained in the sperm
nucleus (Fig. 1B) (14, 16). The presence of CTCF at sequence
motifs in accessible sperm DNA was confirmed via ChIP-seq
experiments (16). CTCF has been found to be essential for nor-
mal spermiogenesis, sperm fertility, and histone retention in
mature sperm (39). Genome-wide Hi-C mapping experiments
have uncovered the presence of compartments, CTCF-medi-
ated loops, and topologically associating domains in sperm
chromatin similar to those found in somatic cell lines and
embryonic stem cells (16, 37). Recent single-nucleus Hi-C
experiments have shown that a similar higher-order chromatin
organization also exists in the female gamete at the germinal
vesicle stage but not in the MII stage, at which time the oocyte
is arrested in metaphase (40).

Epigenetic remodeling after fertilization

Histone replacement with protamines

It is now understood that mature sperm DNA is both highly
methylated and bound by protamines, modified histones, and
transcription factors when it first encounters an oocyte. Fertil-
ization begins with the binding of the sperm head to the oocyte
zona pellucida. Sperm fusion with the membrane activates the
oocyte and initiates completion of meiosis II. The sperm head
and its contents are then engulfed by the oocyte. While the
oocyte completes meiosis II, the sperm nucleus undergoes sev-
eral changes. Its chromatin is primed for later nuclear syngamy
and transcription in two ways: the first is through the replace-
ment of protamines with histones, and the second is through
active demethylation. Decondensation of the sperm nucleus
occurs �45– 60 min after fertilization. Disulfide bonds, which
allow protamines to attach to sperm DNA, are broken upon
exposure to oocyte-produced chemicals such as GSH (41);
however, it is unclear whether chromatin decondensation is
initiated by protamine detachment. Experiments showing a
depletion of radiolabeled protamines occurring after chroma-
tin decondensation (41, 42) may be explained by unbound prot-
amine degradation. The paternal chromatin is then loaded with
histones produced by the oocyte prior to fertilization, as sug-
gested by immunofluorescence data showing the appearance of
histones in the male pronucleus following protamine depletion
(43). These histones carry modifications associated with newly-
synthesized histones (44), including histone H4 Lys-5 and
Lys-12 acetylation (45). One study detected the presence of
H3K4me1 in the male pronucleus beginning at stage PN1, and
H3K4me3 beginning at stage PN4. Researchers hypothesized
that these observed modifications can be explained by histone
methyltransferase activity in the zygote (46). Alternatively, the
presence of H3K4me1 and H3K4me3 in mature sperm (12, 16)
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suggests that histone modifications detected in the early
embryo may be paternally derived and maintained during fer-
tilization and early embryogenesis.

Demethylation of the paternal pronucleus

It was previously thought that both female and male pronu-
clear DNA is passively demethylated once replication com-
mences. This is shown to be true of the maternal nucleus (47,
48); however, evidence suggests there is active demethylation of
the male pronucleus before the start of DNA replication (49,
50). Immunofluorescence and bisulfite sequencing data show a
sharp decrease in methylation in the male pronucleus within
4 h of fertilization (48, 50) Replication begins 7–9 h into the first
cell cycle, when pronuclei enter the PN3 stage (51). Therefore,
any demethylation occurring prior to the start of replication
must be active. One proposed mechanism for this demethyla-
tion is the oxidation of 5-methylcytosine by TET proteins pres-
ent in the oocyte cytoplasm (52–54). One study confirmed the
presence of 5-hydroxymethylcytosine (5hmC) in the mouse
male pronucleus using antibody staining and the specific
expression of TET protein in the early embryo (52). The 5hmC
signal increases significantly between stage PN0 and PN5, and a
deficiency of Tet3 prevents the oxidation of 5mC into 5hmC
and results in developmental abnormalities (55). Another
model suggests the presence of sperm chromatin-specific
demethylases in the oocyte mediating pronuclear demethyla-
tion (42). Enrichment of 5hmC in sperm highlights the differ-
ences in the methylation state of male and female pronuclear
chromatin before the start of nuclear syngamy.

Recent studies explore the apparent asymmetry in the epige-
netic states of male and female pronuclei and its implications
in the later stages of embryonic development. Inoue et al.
(56) used DNase-sequencing techniques to compare DNase
I– hypersensitive sites (DHSs) in the maternal and paternal
mature gametes, pronuclei, morula, and blastula stage embryos.
In searching for allele specificity and proof of parent-specific
inheritance of epigenetic marks, they discovered that most
DHSs in the early embryo are maternally derived and prime
differential gene expression at the time of zygotic genome acti-
vation (56). Certain aspects of the epigenetic state of sperm and
oocyte chromatin are maintained throughout early stages of
embryonic development, suggesting a role for the transfer of
information from the gamete to the embryo.

Conclusions

Current research reveals that sperm chromatin contains far
more complex epigenetic information than was previously rec-
ognized. The sperm nucleus contains sex-specific methylation
patterns, nucleosomes at promoters carrying both active and
silencing histone modifications, putative enhancer and super-
enhancer elements flanked by nucleosomes and possibly bound
by transcription factors, and CTCF/cohesin bound at specific
sites to establish highly-organized chromatin interactions
within the three-dimensional nuclear space. It is difficult to
imagine that the presence of this wealth of information in the
sperm is not used during early embryonic development to guide
the initial steps controlling gene expression after fertilization.
DNA methylation, an obvious candidate to explain the inherit-

ance of epigenetic information through generations, is erased
and re-established during spermatogenesis and after fertiliza-
tion and thus has been discounted as a plausible mechanism
underlying transgenerational effects (57). However, the erasure
of 5mC in the paternal genome is only partial, suggesting the
existence of mechanisms that maintain some of the epigenetic
information established by DNA methylation. It is possible that
the presence of DNA-bound transcription factors and histone
modifications in specific regions of the genome may serve to
guide re-methylation of the DNA after the demethylation of the
paternal chromosomes that takes place immediately after fer-
tilization. Under this model, although part of the epigenetic
information specified by DNA methylation of the paternal
chromosomes may be erased after fertilization, some informa-
tion may be maintained by the interaction of specific DNA-
bound transcription factors that preserve a memory of critical
regulatory functions encoded by enhancers, super-enhancers,
and 3D organization (16).

The information carried in the sperm epigenome has the
potential to be transferred transgenerationally, explaining the
occurrence of experience-based transmission of epipheno-
types. Environmental factors causing novel transcription dur-
ing development of the paternal germline may result in the
persistence of DNA-binding proteins at new sites in the
genome, which in turn would modulate DNA re-methylation
after fertilization and transcription in the early embryo. Other
possible products of altered transcription as a consequence of
environmental signals are small RNA fragments, including
tRNAs and miRNAs, whose presence in sperm has also been
shown to mediate the transfer of epigenetic information
between generations (58 –60). Skinner and co-workers (61)
made the important discovery that exposure to endocrine dis-
ruptors in utero can lead to several phenotypes that persist as
far as the F3 generation. Phenotypes include testicular and kid-
ney diseases, tumors, and obesity, among others. Transgenera-
tional transmission of these phenotypes may be mediated by
epigenetic changes occurring in gametes upon exposure to
these toxins. Other environment-altering elements such as diet,
stress, smoking, and even certain medications have been found
to have inter- or transgenerational phenotypic implications (32,
62– 64). Epigenetic information carried in sperm in the form of
DNA and histone modifications, transcription factors, noncod-
ing RNA, and chromatin 3D architecture is one potential expla-
nation for this phenomenon.
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The histopathology of Alzheimer’s disease (AD) is character-
ized by neuronal loss, neurofibrillary tangles, and senile plaque
formation. The latter results from an exacerbated production
(familial AD cases) or altered degradation (sporadic cases) of
40/42-amino acid–long �-amyloid peptides (A� peptides) that
are produced by sequential cleavages of A� precursor protein
(�APP) by �- and �-secretases. The amyloid cascade hypothesis
proposes a key role for the full-length A�42 and the A�40/42
ratio in AD etiology, in which soluble A� oligomers lead to neu-
rotoxicity, tau hyperphosphorylation, aggregation, and, ulti-
mately, cognitive defects. However, following this postulate,
during the last decade, several clinical approaches aimed at
decreasing full-length A�42 production or neutralizing it by
immunotherapy have failed to reduce or even stabilize AD-re-
lated decline. Thus, the A� peptide (A�40/42)-centric hypoth-
esis is probably a simplified view of a much more complex
situation involving a multiplicity of APP fragments and A�
catabolites. Indeed, biochemical analyses of AD brain deposits
and fluids have unraveled an A� peptidome consisting of addi-
tional A�-related species. Such A� catabolites could be due to
either primary enzymatic cleavages of �APP or secondary pro-
cessing of A� itself by exopeptidases. Here, we review the diver-
sity of N- and C-terminally truncated A� peptides and their
biosynthesis and outline their potential function/toxicity. We
also highlight their potential as new pharmaceutical targets and
biomarkers.

A defining characteristic of Alzheimer’s disease pathology is
the presence of extraneuronal plaques composed of aggregated
�-amyloid peptides (A�).2 A� terminology usually refers
mainly to a mix of canonical 40/42 amino acid peptides excised

by endoproteolysis of a type I transmembrane protein called
�-amyloid precursor protein (�APP) through the sequential
action of two enzymes: �-site APP-cleaving enzyme (BACE1)
and �-secretase (Fig. 1A) (1). Processing of �APP by these two
enzymatic activities also generates an intracellular fragment,
APP intracellular domain (AICD), that behaves as a transcrip-
tion factor (2, 3). Once produced, A� peptides are secreted and,
upon various triggers that could be of genetic or environmental
natures,accumulateandyieldoligomericaggregates.Theseolig-
omeric structures can transiently remain soluble or ultimately
fibrillize and seed to form one of the main histological stigmata
of AD pathology, senile plaques. However, the number of
plaques is not clearly associated with disease progression and
severity. Recent studies suggest that soluble, oligomeric forms
of A� have an important role in neurotoxicity and memory loss
(4). Thus, these oligomeric species of A� have been shown to
cause synaptic dysfunction, to disrupt long-term potentiation
(LTP) (5, 6), and to affect behavior in transgenic mice (7, 8).

The amyloid cascade hypothesis is strongly supported by
genetic facts. Thus, all mutations responsible for early onset
and aggressive forms of AD share as common denominators a
modulation of total A� load, modification of A�42 over the
A�40 ratio, or generate A� species prone to aggregation (9, 10).
Thus, the amyloid cascade hypothesis is at the center of gravity
of AD pathology. However, the vast majority of clinical trials
centered on A� by either blocking their production or neutral-
izing them once produced have failed. It is thus a challenge to
reconcile genetic grounds with clinical failures. It could be envi-
sioned that the physiological function of full-length A� could
have been underestimated. Furthermore, the contribution of
A�-derived fragments generated by secondary cleavages or
additional APP-derived fragments distinct from A� could have
been underestimated. Thus, other fragments issued from �APP
processing, such as the membrane-tethered fragment, C99, or
�CTF, could very well contribute to pathological dysfunctions
(11–13). Also, one can consider the fact that several aspects of
physiological �APP processing have still to be delineated. This
is exemplified by recent data showing that besides classical
secretases, novel proteolytic actors recently came on stage. For
example, recent works unmasked a novel cleavage site on �APP
(14, 15), named Eta (�) cleavage site (14), which gives rise to a
subset of new fragments (A��, A��, and �CTF) (Fig. 2). The
enzyme responsible for �APP cleavage at the � site has been
identified as the matrix metalloproteinase MT5–MMP (15, 16).
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In this Minireview, we will focus on the N- and C-terminally
truncated �-amyloid peptides that are produced either by pri-
mary cleavages taking place on �APP or yielded by secondary
cleavages occurring on A� full-length A�40 or A�42. We will

describe here several N- and C-terminally truncated A� pep-
tides, their production, biophysical properties in term of aggre-
gation, neuronal toxicity, as well as their putative impact on
Alzheimer’s disease progression. We will also describe the

Figure 1. Processing pathways of �APP. A, amyloidogenic pathway involves a first cleavage of �APP by �-secretase generating a soluble fragment, sAPP�,
and a membrane-anchored fragment, �CTF. Secondary cleavage of �CTF by �-secretase releases an intracellular fragment, AICD, and full-length A� (A�40 and
A�42). A nonamyloidogenic pathway involves a first cleavage by �-secretase releasing a soluble fragment, sAPP�, and a membrane-anchored fragment, �CTF.
The latter is then processed by �-secretase to produce an intracellular domain, AICD, and a shorter peptide, A�(17-X). B, processing of �APP at �� or � cleavage
sites combined with �-secretase–mediated hydrolysis gives rise to A�(11-X) and A�(17-X) forms of A�.

Figure 2. �APP processing by �-secretase. Full-length �APP can be processed by an alternative pathway involving a first cleavage by �-secretase (MT5–
MMP) releasing a soluble fragment sAPP� and a membrane-anchored fragment �CTF. �CTF is then cleaved either by �-secretase or by �-secretase, producing
soluble fragments named A�� and A��, respectively. A�� can undergo subsequent cleavage by �-secretase. Membrane-anchored CTFs (�CTF and �CTF) are
processed by �-secretase activity to give rise to AICD, full-length A� peptides, and A�(17-X) peptide.
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potential of N- and C-terminally truncated A� peptides as bio-
markers as well as pharmaceutical targets.

Truncated fragments resulting from primary cleavages
on �APP

Aside the well-known conventional full-length A�40 and
A�42 peptides, several shorter A� peptides have been identi-
fied. Some of them are directly generated by primary cleavages
taking place on �APP. Thus, BACE1-mediated cleavage of
�APP at the �� site (17, 18) combined with �-secretase cleavage
yields A�(11– 40/42), whereas �/�-secretase cleavages gener-
ate A�(17– 40/42) peptides (Fig. 1B).

It is interesting to note that FAD-linked mutations occurring
on �APP or on the �-secretase–associated proteins preseni-
lin-1 and presenilin-2 (19) usually result in either an increase in
total A� load or, alternatively, a selective increase in A�42 and
thereby A�42/A�40, and consistently lead to early-onset AD
(20). Interestingly, Ancolio et al. (21) showed that cells overex-
pressing a �APP bearing the V715M mutation indeed behave
differently because they secrete less A�40, whereas levels of
A�42 remained unchanged. More strikingly, they described a
7-fold increase in the recovery of A�(11/17– 42) with no change
in A�(11/17– 40) (21). These data suggest the potential toxic
effect of 11/17-X fragments in AD pathology. This conclusion is
supported by both anatomical, biophysical, and clinical
grounds. Thus, these shorter fragments have been described in
senile plaques as well as in AD and Down syndrome brains.
These fragments are increased by FAD mutations on PS1 as
well (22). Finally, both cleavage fragments could indicate
a pathophysiological condition because expressions of the
enzymes responsible for their production are regulated during
AD. Moreover, A�(11-X) and A�(17-X), have been both
detected in cerebrospinal fluids in patients suffering from mild
cognitive impairment (MCI), i.e. at very early stages of the dis-
ease (23). Although levels of A�(11-X) in CSF of MCI patients
seem to be lowered, A�(17-X) tends to be expressed at higher
levels than in controls. Moreover, A�40 appeared to be higher
in the cerebrospinal fluid of patients with Alzheimer’s disease
than in patients suffering from other dementias (24).

de Strooper and co-workers (25) documented the fact that
slight alterations of the A�40/42 ratio could lead to drastic
modifications in toxic potential. Ancolio et al. (21) support this
view and further indicate that the ratio of A�-truncated frag-
ments could also account for early onset cases of AD even when
the total A� load is reduced.

Truncated fragments resulting from secondary
cleavages on A� peptides

Truncated A� species could just represent by-products of
A� degradation. However, these could also harbor their own
spectrum of physiological and/or (according to their concen-
tration) toxic functions. In the latter case, they could be seen as
biotransformation derivatives of A�. Thus, this questions the
potential weight of truncated A� species in AD pathology. As a
corollary, they could represent a new set of early diagnostic
markers, and thus, enzymatic activities implicated in their for-
mation could be seen as potential therapeutic targets.

C-terminally truncated A� species

A�38, A�37, and A�39

Although a plethora of articles have addressed the biology of
A�40 and A�42, the C-terminally truncated A� peptides (Fig.
3) have received much less consideration. However, in addition
to A�40 and A�42, several A� shorter species truncated in their
C-terminal moiety, among them A�37, A�38, and A�39, have
been identified in blood plasma samples and human cerebro-
spinal fluids of patients suffering from AD (26). A�38 was even
found to be the second prominent A� form after A�40 in quan-
tity. These peptides may be produced according to different
pathways. The stepwise release of the GVV and VIA tripeptides
generates A�37 and A�39 from A�40 and A�42, respectively.
Moreover, A�37 can be produced by another pathway after
release of the GVVIA peptide from the A�42 sequence (27).
Production of A�38 is influenced by nonsteroidal anti-inflam-
matory drugs (NSAIDs). Although NSAID treatments tend to
globally decrease A�42 production, these compounds induce a
slight shift of �APP cleavage leading to an increase of A�38
formation (28), and this appears to occur independently of their
primary target, Cox2. A�38 production has been shown to be
increased by a subset of �-secretase modulators (29).

Immunohistological studies of A�37 and A�39 C-terminally
truncated peptides in AD brains and transgenic mouse models
have revealed that both peptides were found to accumulate in
meningeal and parenchymal vessels in the brains of familial AD
cases as well as in sporadic AD (30). The pattern of deposition
differs between AD brains and transgenic mouse models. In
sporadic or familial AD brains, the C-terminally truncated pep-
tides appeared to be aggregated in plaques, but in transgenic
mouse models, the presence of truncated peptides in plaques
was more variable.

Interestingly, expression of shorter species of A�, from A�37
to A�40, does not elicit toxicity in Drosophila and even
appeared to attenuate A�42 toxicity (31). Such results suggest
that treatments regulating �APP processing by favoring an
increase in A�37, A�38, or A�39 production could be some-
how beneficial and seen as an A�42-related inactivating
pathway.

C-terminally truncated A�34 variant

It has been demonstrated that A�34 derived from hydrolysis
of A� by BACE1 (32, 33). A�34 is increased in cells overex-

Figure 3. C-terminally truncated A� peptides. Figure shows a representa-
tion of all the C-terminally truncated A� variants. Arrows represent sites of
cleavages.
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pressing both human �APP and human BACE1, and it is inter-
esting to note that a �-secretase inhibitor treatment impairs
A�34 levels suggesting that A�34 production results from a
secondary cleavage that occurs after A� release by �-secretase
(34).

BACE1 inhibition decreases A�34 in CSF (35). However, in
vitro experiments have also pointed out that A�34 could be
produced by a secondary cleavage step on A�40 due to matrix
metalloproteases (MMP2 and MMP9) (36). These MMPs could
also degrade A�34 into shorter species (A�30 and A�16).

A�34 physiology and the impact on AD progression have not
been deeply assessed. This may be due to a lack of tools to
directly monitor the peptide and assess its pathophysiological
influence. Caillava et al. (37) characterized and developed an
A�X-34 – directed specific polyclonal antibody recognizing the
C-terminal part of A�X-34. They demonstrated that A�X-34
peptides are present in 3�TgAD mice brains as well as in AD
patient’s brains. More recently, it has been shown by immuno-
fluorescence and immunohistological studies in three different
mouse models that A�34-like immunoreactivity appears as a
punctate diffuse pattern and does not label the center of senile
plaques (38). Moreover, a similar histological pattern was found
in the brains of AD patients, and several studies have shown
that A�34 is an abundant species in CSF of AD patients (26, 38,
39). Thus, BACE1 contributes to A� production but is also
involved in its secondary cleavage as well. Whether a disruption
in the balance governing and the equilibrium between A� and
A�34 underlies part of AD pathology or whether BACE1 could
be seen as a beneficial enzyme contributing to A� catabolism
remains to be established. At first sight, the age-related increase
in BACE1 activity and the associated elevation of A�34 argue
in favor of the first hypothesis. However, Caillava et al. (37)
showed that A�34 could display a protective phenotype in
HEK293 cells. It is possible that the A�34-associated protec-
tive phenotype could be abolished when its aggregation
occurs as has been documented for A� (40). In this context,
it is noteworthy that, as is the case for A� (2, 41), A�34
undergoes degradation by neprilysin, a peptidase, the activ-
ity and expression of which are reduced during aging. Thus,
both age-related augmentation of BACE1 (42) and reduction
of neprilysin expressions and activities could very well
account for augmentation of A�34 levels, aggregation, and
pathogenic phenotype.

A�24

C-terminally truncated A�24 (A�(1–24)) is a peptide pro-
duced upon secondary cleavage of full-length A� after activa-
tion of glial cells. Such a peptide has not yet been described in
the brains of AD patients. However, it has been shown that
intracranial injection of synthetic A�24 in WT mice impairs
full-length A�42 clearance through the blood– brain barrier
and promotes A�42 aggregation via its seeding properties.
Moreover, the synthetic A�24 peptide tends to promote A�42
aggregation, whereas the A�24 peptide itself presents a low-
aggregation propensity (43). The exact nature of the enzyme
responsible for A�24 production still remains unknown. How-
ever, it is interesting to notice that a cleavage between a valine
and a glycine, as is the case for A�24 generation, is not a usual

signature of endopeptidases or exopeptidases. Noteworthy,
some matrix metalloproteinases (MMP-9 or MMP-2), which
are regulated by microglial activation, appeared to be involved
in A� degradation, generating C-terminally truncated frag-
ments such as A�23, A�30, or A�34 (36). Their involvement in
A�24 production still awaits firm demonstration.

N-terminally truncated A� species

A�2-X

The amino-truncated �-amyloid peptide A�(2– 42) has been
detected in a detergent-soluble fraction of AD brains (44) as
well as in the CSF of sporadic and familial AD patients. Does
this A� peptide have a physiological or a pathological function
or is it only an intermediate form for another cleavage giving
rise to a shorter peptide? Even if A�(2– 42) has been described
in CSF and brains of AD patients, very little is known about this
A� species and its biological properties. However, an important
aspect concerned the fact that, unlike the case for canonical A�
species (45), A�(2– 42) production remains poorly affected by
presenilin-1 deficiency in neurons (44), although �-secretase
cleavage is obviously necessary for releasing this fragment. This
could be explained by a selective involvement of presenilin-2 in
A�42 formation. This would imply that PS1 and PS2 occur in
distinct cellular compartments, one of which is permissive for
A�(2– 42) generation. Indeed, recent works show that PS1 and
PS2 occur in distinct cellular compartments (46, 47). Alterna-
tively, one cannot rule out the possibility that a PS1-indepen-
dent activity(ies) (48 –52) could account for at least part of
A�(2– 42) production.

A�3-X and pE3-XA�

Another pyroglutamate-modified A� that begins with the
glutamate in position 3 of A� (pE3-XA�) has been described.
Several lines of anatomical clues suggest a potential key role of
this A� species in AD pathology. Thus, pE3-XA� has been
shown to be present in quantities similar to full-length A� in
senile plaques (53) but also in diffuse plaques (54) and in the
vascular wall (55). Noticeably, pE3-XA� is also present in
Down’s syndrome-affected brains (56). pE3-42A� appeared to
be a dominant isoform in the hippocampus and cortex in
patients with AD (57).

pE3-XA� fragments can trigger hippocampal neuronal loss,
microglial activation, and astrogliosis and impair long-term
potentiation in transgenic animals expressing human pE3-XA�
(58).This toxicity appears to be accounted for by the ability of
pE3-XA� to seed A� and promote its deposition (59).

pE3-XA� peptide formation is a two-step process involving
an N-terminal truncation releasing the first two A� residues
Asp–Ala followed by an enzymatic cyclization of the glutamyl
in position 3 (Fig. 4). Studies aimed at deciphering the enzymes
responsible for A�3-X formation and pyroglutamate conver-
sion have highlighted several candidates. Sevalle et al. (60)
delineated the contribution of aminopeptidase A (APA) to the
truncation of full-length A� leading to the 3-X species. Thus, by
means of two distinct selective inhibitors, APA overexpression
and APA-expressing membranes, it was demonstrated that the
initial step consisting of the release of the aspartyl 1 residue was
elicited by APA. This was consistent with the APA’s affinity for
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acidic residues (61). APA seems not to be the only exopeptidase
responsible for N-terminal truncations of A� and exposition of
glutamate at position 3. Implication of a member of the dipep-
tidyl peptidase family enzymes (DPP) has been previously sug-
gested (62). Recently, in vitro experiments using MALDI-TOF
MS applications have pointed out the possible implication of
DPPIV in A�3-X formation (63). Interestingly, A�40 peptide
appeared to be the more prone to DPPIV truncation compared
with A�42.

After removal of the two first residues by APA and/or the
dipeptidyl aminopeptidase activities, the glutamate residue at
position 3 is converted into pyroglutamate forming a peptide
more resistant to exopeptidasic attack. Several anatomical,
pharmacological, and genetic evidences indicated that the
enzyme responsible for A�3-X cyclization was an acyltrans-
ferase named glutaminyl cyclase (QC) (64 –66). First, QC is
unevenly distributed in brain and is up-regulated in AD-af-
fected brains (67). Second, QC protein and mRNA expressions
colocalize with pE3-XA� in human temporal and entorhinal
cortices and, more importantly, correlate better with cognitive
alterations assessed by mini-mental state examination than the
unmodified A� peptides (40). Third, in animal models, QC
overexpression triggers behavioral deficits, whereas conversely,
QC depletion rescues defects observed in an AD-transgenic
model (68). Fourth, pharmacological blockade of endogenous
QC by selective inhibitors reduces the pE3-XA� load in mouse
and Drosophila AD models and reduces plaques, astrogliosis,
and cognitive alterations in AD mouse models (64). It should be
added that calcium homeostasis dysregulation, which is com-
monly observed in cellular AD models, increases QC mRNA
expression and activity in neuron-like differentiated SK-N-SH
(69). It should be noted that �� cleavage mediated by BACE1
(see above and Fig. 1B) generates a glutamyl residue that can
undergo cyclization. Whether GC is involved in pE11-XA�
remains to be established.

N-truncated A�4-X

N-truncated A�(4 – 42) was one of the first A�-truncated
species being reported (70). This truncated form, which starts
with a phenylalanine at position 4, was found to be highly abun-
dant in AD brains, aged controls, and vascular dementia (57,
71). It has been demonstrated that this peptide rapidly formed
stable aggregates (72). A�4-X species concentrate in the core of
the plaques in several AD mouse models (38). In vitro toxicity
assays showed that A�(4 – 42) is as toxic as pE3A� and A�42
(72), but A�(4 – 40) was less toxic compared with A�(4 – 42). In
terms of the kinetics of appearance, A�4-X variants seemed to
precede pE3-XA� accumulation in the 5�FAD transgenic
mouse models (73). In vivo studies have indicated that intraven-
tricular injections of A�(4 – 42) in WT mice tend to affect
working memory as assessed with a Y maze test (72). Little is
known about the catalytic events responsible for A�4-X pro-
duction. One can envision an exopeptidasic release of either
glutamate at position 3 that would occur before its cyclization
or removal of the pE3 residues once formed. Based on theoret-
ical grounds, two types of peptidases could indeed perform
these cleavages. On the one hand, free glutamate residues could
be released by acidic peptidase such as aminopeptidase A that is
already involved in Asp-1 removal (see above and Ref. 60). On
the other hand, there exists two types of pyroglutamyl pepti-
dases I and II that are specialized in the attack of pE residues
(61). In vitro studies with fluorimetric substrates show that the
enzyme cleaves tripeptides where the third Xaa could be indeed
interchanged but only TRH natural substrate fulfills the
requirement and is cleaved (74). Pyroglutamyl peptidase I only
requires a pE residue without clear requirement for residues in
the P2 or P3 position. Assessment of its involvement in A�4-X
genesis is still pending.

Biophysical properties of truncated peptides

Amyloid peptide aggregation is a hallmark of AD pathology.
However, precise mechanisms leading to seed formation and

Figure 4. N-terminally truncated A� peptides. Figure shows a representation of all the N-terminally truncated A� variants. Arrows represent sites of
cleavages.
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accelerated aggregation during the disease progression are still
under investigation. Infusion of brain extracts derived from AD
transgenic mouse model in WT rodent brains is not per se suf-
ficient to trigger A� aggregation (75). Also, aged synthetic
A�40 and A�42 did not trigger deposits in APP23 transgenic
mice (75). This suggests first that in physiological conditions,
an efficient clearance mechanism occurs that keeps the A� con-
centration below its threshold of aggregation. This also indi-
cates that cellular, genetic, or environmental cofactors may
govern seeding formation and its acceleration in pathological
conditions (75). Interestingly, this increased capability to
induce full-length A� seeding has been described for several
truncated A� variants such as A�24 (43) and pE3A� (76).

Glutamate cyclization results in the loss of a negative charge
that contributes to the hydrophobicity, resistance to catabolism
(77), and aggregation propensity of N-terminally truncated A�
species pE11-A� and pE3-A�. pE3-42A� influences misfolding
of full-length unmodified A� (76). Moreover, pEA� peptides
are known to seed the aggregation of other A� fragments. It has
been suggested that the C-terminal part of A�42 was the locus
of interaction with pE3-A� (78). Aside pE-A� variants, A�(4 –
42) has also a propensity to form very stable aggregates (72).
Fast aggregation properties of such fragments have been
described in vitro (59, 79) as well as in vivo in a Drosophila
model (80).

Increased aggregation propensity and related toxicity have
been described also for pyroglutaminylated forms of ADan and
ABri, two peptides signing Familial Danish dementia and
Familial British dementia, respectively (79, 81, 82).

Neuronal loss and synaptic loss in the hippocampus have
been related to the early stages of AD. Several studies have
pointed out the effects of truncated A� peptides on cellular
toxicity. Some A� species protect against A�42 toxicity,
whereas others appeared to be more aggressive than full-length
A� peptides. As described above, A�34 protects cells overex-
pressing �APP WT or bearing Swedish mutation from caspase-
3–related cell death (37), and therefore, in physiological condi-
tions it could be considered as a beneficial isoform. This
protective phenotype could be hampered by A�34 aggregation.
On the contrary, pE3-A� behaves like a noxious peptide. It has
a high capacity to induce lipid peroxidation and to influence
membrane permeabilization in primary cultured neurons (83).
Toxicity of pE3-42A�, assayed on rat cultured hippocampal
neurons, appeared to be increased compared with the toxicity
of full-length A� (77). More recently, development of trans-
genic mice expressing pE3A� peptides has helped to demon-
strate that such truncated forms are implicated in neuronal loss
(58). A Drosophila model has been characterized where pE3-
42A� peptide is expressed in neurons. Interestingly, the life
span of transgenic flies was affected by pE3-42A�. Moreover,
expression of the pyroglutamylated peptide induced behavioral
dysfunctions, and toxicity was observed by a disorganization of
the eye structure (80). Finally, pE3-42A� has recently been
shown to induce synaptic plasticity impairment by different
mechanisms than A�42 and independently of a co-oligomeri-
zation process (84). Precise mechanisms involved in pE3-42A�
toxicity have still to be addressed.

Truncated A� species in animal models

Several truncated and modified A� species have been found
in AD murine models. C-terminally truncated A�37 and A�39
are widely expressed in the vasculature of human sporadic and
familial AD patients (30). The same study also addressed A�37
and A�39 expressions in several transgenic AD mouse models
(APP/PS1�E9, 5�FAD, PDAPP, APP23, 3�TgAD, and APP/
PS1KI). However, expression patterns appeared to be drasti-
cally distinct. In mice, both C-terminally truncated �-amyloid
peptides were found in plaques, but vascular expression was
almost absent in all the mouse models tested. Aside from A�40
and A�42, several other A� peptides were found in the 5�FAD
mouse model. The more abundant truncated peptide detected
by MS was A�38, followed by A�(4 – 42), pE3– 42A�, and
A�39. A�(4 – 40), A�(5– 42), and A�37 were also present but to
a lesser extent (30).

A transgenic mouse model expressing the N-truncated
A�(4 – 42) peptide in the brain has been engineered (Tg(4 – 42))
to investigate the effect of a chronic exposure of this toxic pep-
tide that appears particularly abundant in human brain (57, 70).
This transgenic mouse model has been shown to express
A�(4 – 42) in the CA1 region of the hippocampus. However,
such expression decreased with aging because of a massive neu-
ronal loss in the region (72) associated with working memory
dysfunction. Moreover, neurodegeneration was supported by
early astrogliosis and microglial activation at only 2 months of
age. The Tg(4 – 42) mouse model showed spatial memory def-
icits starting at 5 months of age and being severely impaired at
6 months of age (85). In this model, A�(4 – 42) hippocampal
expression correlates with a significant neuron loss in the CA1
layer of the hippocampus (85).

Another transgenic mouse model, with a glutamine instead
of the glutamate at position 3 of the A� peptide, has been gen-
erated to examine the effect of cyclization on pathology devel-
opment (86). The TBA42 mice that do not express �APP pres-
ent a very rapid onset of symptoms, accumulate pE3-A�, and
harbor microglial activation and impaired LTP (58). These
mice showed an age-dependent neuronal loss in the CA1 region
of the hippocampus. TBA42 mice were then crossed to 5�FAD
to engineer the FAD42 mouse model, which at 6 months of age
showed an aggravated phenotype compared with the 5�FAD
mouse model (87). This set of data corroborates the view of a
pathological influence of pE3-A� species.

A� truncated species as biomarkers

Almost all truncated A� species, yielded by primary cleav-
ages of �APP or secondary cleavages directly on A�, have been
detected in the CSFs and therefore could represent an interest
as putative early biomarkers. Thirteen C-terminally truncated
species have been detected in CSF (88, 89). Quantitation of
several A� species reveals, for example, that A�(1–38)
decreases in AD fluids compared with controls CSF (39). It
appears that the pattern of truncated A� could help differ-
entiate between some neurological disorders. For example,
A�(2– 42) levels in cerebrospinal fluids are decreased in AD,
although they are unchanged in fronto-temporal dementia
(90). A�(11-X) and A�(17-X) peptides are of interest as new
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biomarkers for MCI detection because they have been identi-
fied in cerebrospinal fluids in patients with very early MCI (23).

Pharmaceutical strategies

As discussed in this Minireview, truncated amyloid species
and pyroglutamate A� are very toxic forms of A�, and thus,
they correspond to potential therapeutic targets. One of the
advantages of a therapeutic strategy aimed at abolishing trun-
cated A� species-related pathology relies on the fact that such
an approach will not interfere with any physiological function
of soluble full-length A� (40, 60, 91) Accordingly, two main
classical strategies could be envisioned that concern immuno-
therapy aimed at neutralizing truncated or modified A� or
inhibitors of enzymes implicated in truncation and cyclization.

A specific antibody, targeting A�4-X variants (NT4X-167),
has been developed and characterized in transgenic mouse
models as well as sporadic and FAD patients (73). Although the
NT4X-167 antibody reacts with senile plaques in 5�FAD
mouse models, a different pattern was found in AD brains
where staining was observed in blood vessels as in Down’s syn-
drome cases (92). Considering also A�(4 – 42) as a target for a
therapeutic strategy appeared relevant because passive immu-
nization with NT4X antibody decreases neuronal loss in CA1,
rescues spatial memory deficits in Tg(4 – 42) mouse model, and
reduced amyloid plaques in 5�FAD mice (85). A chronic pas-
sive immunization against pE3 in the APPswe/PS1�E9 trans-
genic mouse model also triggers beneficial effects on plaque
deposition, cerebral amyloid angiopathy, as well as gliosis (93).
Another pharmaceutical strategy relies on the effect of QC
inhibition to prevent formation of pyroglutaminylated A�
species. Several QC inhibitors are actually in development (64,
94). Obviously, a pre-requirement of these pharmacological
approaches remains the firm identification of enzymes respon-
sible for fragment formation. As stated above, in some cases,
this identification is still awaited. Additional problems to over-
come could be related to the lack of exclusive specificity dis-
played by these peptidases (61). Thus, close examination of the
potential side-effects linked to proteolysis of additional sub-
strates, a key feature that was initially underestimated when
�-secretase inhibitors were designed and envisioned as thera-
peutic probes, will be a prior and redhibitory requirement.

Conclusion

The monitoring of full-length A� peptides (A�(1– 40) and
A�(1– 42)) as biomarkers of AD pathology has to be deeply
reconsidered with respect to the fact that many additional
A�-related species are generated and recovered in biological
fluids.

Secondary cleavages onto a canonical A� peptide sequence
have only been considered for a while as a clearance paradigm,
aimed at depleting A�(1– 40) and A�(1– 42) and generating
biologically inert bypass products. More likely, it appears that it
gives rise to new players with potential pathological properties.
Many A� truncated peptides that aggregate or favor seed aggre-
gation yield variable oligomer profiles. Whether this represents
a pathogenic signature accounting for specific differences
observed in variable settings and the progression of AD in
patients has to be envisioned.
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Microsatellite expansions cause more than 40 neurological
disorders, including Huntington’s disease, myotonic dystrophy,
and C9ORF72 amyotrophic lateral sclerosis/frontotemporal
dementia (ALS/FTD). These repeat expansion mutations can
produce repeat-associated non-ATG (RAN) proteins in all three
reading frames, which accumulate in disease-relevant tissues.
There has been considerable interest in RAN protein products
and their downstream consequences, particularly for the dipep-
tide proteins found in C9ORF72 ALS/FTD. Understanding how
RAN translation occurs, what cellular factors contribute to RAN
protein accumulation, and how these proteins contribute to dis-
ease should lead to a better understanding of the basic mecha-
nisms of gene expression and human disease.

Introduction and background

More than 40 different neurological diseases are caused by
unstable microsatellite sequences (e.g. CAG, CCG, or G4C2)
that are repeated multiple times at specific human genetic loci.
For more than 25 years, research into these disorders has
focused on the anticipated effects of the expansion mutations
based on whether the mutations lie within or outside annotated
protein-coding regions. In 2011, Zu et al. (1) discovered that
repeat expansion mutations can produce a set of unexpected
mutant proteins in multiple reading frames without the canon-
ical AUG initiation codon. The discoveries of repeat-associated
non-ATG (RAN)2 translation (1) and that repeat expansion
mutations are often bidirectionally transcribed (2, 3) mean that
a single repeat expansion mutation can produce mutant pro-

teins in all three reading frames from both sense and antisense
transcripts (4 –6). The discovery that expansion mutations
express proteins without a canonical AUG-initiation codon
raises mechanistic questions about how RAN proteins are ini-
tiated. Given the prevalence of repeats in the human genome (7,
8), RAN translation may increase the diversity and function of
the proteome. This Minireview will discuss mechanistic
insights and disease implications of RAN translation.

The discovery of RAN translation added a new twist to the
already complex field of repeat-expansion disorders (9 –11).
Unlike traditional mutations, expansion mutations are unstable
and can change in length between generations (intergenera-
tional instability) as well as within an individual (somatic insta-
bility) (12, 13). Intergenerational instability can cause anticipa-
tion or a decrease in age of onset and an increase in disease
severity from one generation to the next (14, 15). Disease mech-
anisms in these disorders have traditionally been categorized
based on the location of the expansion mutation within the
corresponding gene. For example, expanded CAG repeats
located within traditional protein-coding open reading frames
(ORFs) have been considered to be caused by gain-of-function
(GOF) effects of the corresponding mutant expansion protein
(16) (e.g. Huntington’s disease (HD)). In contrast, expanded
mutations located in noncoding regions have been considered
protein loss-of-function (LOF) (e.g. fragile X syndrome) or
RNA GOF disorders (2, 9, 10) (e.g. myotonic dystrophy type 1
(DM1) or type 2 (DM2)). These “noncoding” expansion RNAs
accumulate as nuclear foci, which sequester RNA-binding pro-
teins (RBPs) and lead to a loss of their normal function (5, 6).
For example, in DM1 and DM2, CUG and CCUG expansion
RNAs sequester MBNL proteins from their normal splicing tar-
gets, and MBNL LOF leads to alternative splicing dysregulation
(7–10). Although there is substantial evidence for both protein
and RNA GOF mechanisms, the pathology and symptoms of
these diseases are not fully explained by these mechanisms. For
example, the restricted disease-specific populations of vulner-
able neurons in the various diseases do not correlate well with
the much broader CNS expression of the various expansion
mutations. RAN translation and its downstream consequences
offer new insights into disease mechanisms and more impor-
tantly new avenues for therapeutic interventions.

Translation and translational initiation

Although RAN proteins have been identified in a growing
number of diseases (Table 1), very little is known about the
underlying mechanisms of RAN translation. It is likely that
RAN translation shares at least some features in common with
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canonical and/or internal-ribosome entry (IRES) initiation (Fig.
1). Canonical translation initiation is a complex process involv-
ing the stepwise activities of multiple protein complexes,
including the following: 1) the recognition of the 5�-methyl-7-
guanosine cap; 2) the recruitment of the 43S preinitiation com-
plex, which scans through the 5�UTR of an mRNA until an
AUG codon in the proper context pairs with the CAU anti-
codon loop of the Met-tRNAi; 3) eukaryotic initiation factor 2
(eIF2) then hydrolyzes its bound GTP, and the 60S ribosomal
subunit is recruited; and 4) the majority of eIFs are then
released, and translation elongation begins (see Fig. 1A)
(17–20).

Although the majority of mRNAs are initiated by canonical
scanning and AUG initiation, alternative initiation pathways
have also been described. For example, many viral and a grow-
ing number of cellular mRNAs have been shown to use IRESs,
complex RNA structures that direct ribosomal and eIF recruit-
ment directly, for initiation (see Fig. 1B) (21). Close-cognate
start codons, which differ from the AUG start codons by one
nucleotide (22) and use the Met-tRNAi and methionine as the
initiating amino acid, can also be used in mammalian cells.
Starck et al. (23) showed that nonrepetitive CUG-codons initi-
ate translation of the peptide-loaded major histocompatibility
complex class I molecules (24) with Leu-tRNALeu as the initi-
ating tRNA. Although these alternative translation initiation
mechanisms may share some similarities with RAN translation,
RAN translation differs in that it is associated with repeat
expansion mutations, can occur in the absence of close-cognate
initiation codons, and can produce proteins in all three reading
frames (Fig. 1C). Because RAN translation can also occur across
repeats located in traditional ATG-initiated ORFs (1, 25), a sin-
gle repeat expansion transcript may undergo ATG-initiated
translation in one frame and RAN translation in the other two
reading frames.

Discovery and initial characterization of RAN translation

The first evidence for RAN translation arose from studies
attempting to separate the RNA and protein GOF effects in
spinocerebellar ataxia type 8 (SCA8) (1). SCA8 is a dominant-
ly inherited, slowly progressive neurodegenerative disorder
caused by a CTG�CAG repeat expansion (26, 27). Prior to the
discovery of RAN translation, SCA8 was the only disorder in
which both RNA and protein gain-of-function disease mecha-
nisms had been implicated (28). Bidirectional transcription of
the SCA8 expansion mutation produces CUG expansion tran-
scripts that form RNA foci (29) and a CAG expansion transcript
expressed in the opposite direction that encodes a nearly pure
ATG-initiated polyglutamine (poly(Gln)) expansion protein
(28). Surprisingly, mutating the ATG-initiation codon did not
prevent expression of the poly(Gln) expansion protein (1). Zu et
al. (1) demonstrated that CAG expansions lacking an ATG ini-
tiation codon can produce homopolymeric expansion proteins
in all three reading frames (i.e. poly(Gln), poly(Ser), and
poly(Ala)). Additional experiments showed the following: 1) no
evidence of RNA editing that could have introduced a start
codon; 2) frameshifting was not required for protein expression
in multiple frames; 3) translation appeared by MS data to begin
within the repeat itself, at least for the poly(Ala) frame; 4) mul-T
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tiple RAN products from different frames can be produced in
the same cell; 5) RAN translation is repeat length-dependent
and favored by RNAs that form secondary structures; and 6)
RAN proteins were shown to be toxic to cells. Subsequent anal-
yses showed in vivo evidence that a novel SCA8 RAN poly(Ala)
protein accumulates in cerebellar Purkinje cells in SCA8 mice
and human autopsy tissue. More recently, Ayhan et al. (30)
demonstrated that a novel RAN poly(Ser) protein expressed
from ATXN8 CAG expansion transcripts accumulates in white
matter regions in SCA8 mouse and human cerebella. Addition-
ally, these authors showed that steady-state levels of SCA8
poly(Ser) and other RAN but not ATG-initiated proteins were
reduced by knockdown of the initiation factor eIF3F. A novel
CAG-encoded RAN poly(Gln) protein was also detected in
myotonic dystrophy type 1 (DM1) mouse and human tissues,
including patient myoblasts, skeletal muscle, and blood (1).
Additionally, in both humans and mice, poly(Gln) aggregates
were shown to co-localize with caspase-8 (1), an early indicator

of poly(Gln)-induced apoptosis (31). The 2011 discovery of
RAN translation in SCA8 and DM1 generated substantial inter-
est by the scientific community into both the mechanisms of
this novel type of promiscuous translation and the role of RAN
proteins in neurodegenerative disease.

Since the discovery of RAN translation in SCA8 and DM1 (1),
RAN proteins have been reported in fragile X tremor ataxia
syndrome (FXTAS) (32), C9ORF72 ALS/frontotemporal
dementia (C9-ALS/FTD) (33–35), Huntington’s disease (25),
and spinocerebellar ataxia type 31 (37). RAN translation
has now been shown to occur across several different types
of repeat motifs (CAG�CTG, CGG�CCG, G4C2�G2C4, and
TG2A2�T2C2A), which share some common themes, including
repeat length-dependence and the formation of unusual RNA
secondary structures (38 –40). Given the potential impact of
RAN translation in disease, much of the research on RAN
translation has focused on the expression of RAN proteins and
the characterization of their downstream consequences. This

Figure 1. Translation initiation mechanisms. A, canonical translation initiation involves the binding of the 5� mRNA cap (eIF4F consisting of eIF4G, eIF4E,
eIF4A, and eIF4B) and mRNA poly(A) tail (PABP), unwinding of the mRNA by the helicase activity of eIF4A, and recruitment of 43S complex (eIF5, eIF3, eIF2, and
40S ribosomal subunit) followed by scanning of the mRNA 5� UTR in a 5� to 3� direction by the engaged 43S complex. Recognition of the initiation codon results
in the 48S initiation complex formation and displacement of several initiation factors. B, internal ribosome entry site initiation occurs in a cap-independent
manner from multiple viral and cellular RNA sequences that involve the recruitment of the cellular 43S ribosomal complex to internal sites with the RNA by
specific initiation translation factors (ITAFs). Depending upon the viral IRES group (I–IV), all, some, or none of the typical canonical translation factors, including
the initiation codon, may be required for translation initiation. C, repeat-associated non-ATG translation initiation is a repeat-length– dependent process that
allows for initiation at noncanonical codons either within or adjacent to the expanded repeat tract. Evidence from the FXTAS CGG repeats and some reports for
G4C2 repeats support a requirement for 5� mRNA cap, eIF4E, and eIF4A suggesting cap-dependent and scanning mechanisms. However, other reports support
cap-independent translation initiation mechanisms more similar to IRES initiation. The identity and requirement of other cellular initiation factors involved in
RAN translation have yet to be determined.
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Minireview will focus on recent discoveries of RAN translation
in disease and what is currently known about the mechanisms
of RAN translation.

Fragile X tremor ataxia syndrome

Expansion of the FMR1 CGG repeat to between 55 and 200
repeats results in FXTAS, a late-onset disease primarily affect-
ing males that is characterized by tremor, ataxia, parkinsonism,
and cognitive decline (41). FXTAS patients have increased
expression of the repeat-containing RNA (42, 43) and show
ubiquitin-positive inclusions throughout the cerebral cortex,
brainstem, and cerebellum (43, 44). Although some studies
support the contribution of a toxic RNA GOF mechanism, the
discovery and characterization of RAN proteins in FXTAS sug-
gest RAN proteins also contribute to disease.

In 2013, Todd et al. (32) demonstrated that translation of
expanded CGG repeats results in the expression of RAN pro-
teins in the polyglycine (FMR–poly(Gly)) and polyalanine
(FMR–poly(Ala)) but not polyarginine (FMR–poly(Arg)) read-
ing frames in cell culture. The FMR–poly(Gly) protein has been
shown to co-localize with the ubiquitinated inclusions previ-
ously reported in FXTAS patient brain samples (32) and in the
ovaries of fragile X premutation ovarian insufficiency (FXPOI)
patients (45). Krans et al. (46) showed in vitro evidence that
polyproline (poly(ProAS)), polyarginine (poly(ArgAS)), and
polyalanine (poly(AlaAS)) expansion proteins are expressed
across expanded antisense CCG transcripts. Similar to the
sense FMR–poly(Gly) protein, both the poly(ProAS) and
poly(AlaAS) proteins were shown to accumulate in patient
brains (46). Mechanistic studies by Kearse et al. (47) showed
translation in both FMR–poly(Gly) and poly(Ala) reading
frames depends on a 5� cap, eIF4E, and eIF4A, suggesting a
cap-binding and scanning mode of translation initiation for
those reading frames. Similar to RAN translation across a CAG
repeat (1), steady-state levels of individual RAN proteins vary
by reading frame. When fused with green fluorescent protein
(GFP), the GFP–FMR–poly(Gly) fusion protein was observed
with as few as 30 repeats, whereas GFP–FMR–poly(Ala) was
not detected at lengths below 88 repeats (32). Insertion of stop
codons into the upstream region of the FMR–poly(Gly) pre-
vented protein expression, whereas a similar insertion did
not prevent FMR–poly(Ala) expression. Additional luciferase
experiments show that the FMR–poly(Gly) protein initiates at
close-cognate AUG-like codons upstream of the CGG repeat
(47), and this initiation occurs independent of the repeat tract
itself (47). Taken together, these data suggest that RNA struc-
tures independent of the FMR repeat may promote initiation at
multiple upstream non-AUG start codons in the poly(Gly)
reading frame. Almost half of mammalian mRNAs harbor
upstream ORFs (uORFs), many of which initiate from close-
cognate start codons (48 –52).

In contrast to FMR–poly(Gly) expression and similar to
SCA8 poly(Ala) expression (1), mutagenesis experiments sug-
gest the FMR–poly(Ala) frame may initiate from within the
repeat expansion (47) as stop codons inserted before the repeat
did not prevent expression. Taken together, these results sug-
gest RAN translation can differ mechanistically in different
reading frames (53). Translation initiation in the FMR–

poly(Gly) frame has more in common with initiation at close
cognate uORFs than with the more permissive characteristics
of RAN translation observed in the FMR–poly(Ala) frame and
in other repeat expansions disorders. RAN translation has been
shown to occur in multiple reading frames, even when expan-
sion mutations are located within larger ORFs (e.g. HD) (25).
Similarly, RAN translation in the FMR poly(Ala) reading frame
occurs along with close-cognate uORF expression in the
poly(Gly) frame (1, 25). Taken together, these results highlight
the complexity of translation mechanisms at repeat expan-
sion loci.

The role of the FMR–poly(Gly) protein and the ubiquitin-
positive inclusions was further characterized using inducible
mouse models with 90 CGG repeats (54, 55). Hukema et al. (54)
showed that turning off expression of the CGG transgene and
therefore FMR–poly(Gly) expression in these mice reduced the
number of ubiquitin and FMR–poly(Gly) inclusions at 8 weeks
and halted deterioration of eye movement abnormalities sug-
gesting a pathogenic contribution of the FMR–poly(Gly) pro-
tein. These mice were more recently used to examine anxiety,
motor coordination deficits, and impaired gait, in which abla-
tion of CGG transgene expression rescued behavioral but not
motor phenotypes (55). Behavioral features in this model par-
alleled the formation of intranuclear inclusion in various brain
regions (55). More recently, Sellier et al. (56) demonstrated that
expression of FMR–poly(Gly) is pathogenic, whereas the sole
expression of CGG RNA is not. Poly(Gly) inclusions have also
been observed in the ovaries of FXPOI patients as well as in
ovaries of older (40 weeks) but not younger (20 weeks) knockin
CGG mice (45). These data suggest FMR–poly(Gly) may con-
tribute to premature ovarian insufficiency.

Huntington’s disease: RAN translation in an ORF

HD is a relentlessly progressive neurodegenerative disorder
characterized by movement abnormalities, cognitive decline,
and psychiatric problems (11). Most HD patients have
expanded CAG repeats in the 38 –55 repeat range and develop
symptoms during middle age, but larger repeats (�60 CAG)
cause a juvenile onset form of the disease (57). Most research
into HD and other poly(Gln) disorders has focused on under-
standing the toxic effects of the poly(Gln) expansion proteins
(58). Although RAN translation had been reported in a number
of noncoding disorders, the location of the CAG repeats within
canonical open reading frames and their smaller size made it
unclear whether these active open reading frames also produce
RAN proteins in alternative reading frames. Bañez-Coronel et
al. (25) tested whether RAN translation can occur in a polyglu-
tamine disease by examining the most common of these disor-
ders, Huntington’s disease. The authors showed that four novel
homopolymeric RAN expansion proteins (poly(Ala) and poly-
(Ser) from the HTT sense transcript and poly(Leu) and poly-
(Cys) from the HTT antisense strand) accumulate in HD
human autopsy brains. These proteins accumulate in affected
brain regions, including the striatum and frontal cortex, and in
regions with neuronal loss, microglial activation, and apoptosis.
Some regions, including the caudate/putamen, showed both
poly(Gln) and RAN protein staining, and other regions, includ-
ing caudate and putamen white matter bundle regions, showed
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RAN but not poly(Gln) protein staining (25). These data sug-
gest RAN proteins may play a role in previously described
HD white matter abnormalities (59 –62). Additionally, Bañez-
Coronel et al. (25) found evidence for robust RAN protein but
minimal poly(Gln) accumulation throughout the degenerating
cerebellar layers of juvenile onset HD cases with severe cerebel-
lar atrophy. The region-specific accumulation of HD–RAN
proteins could indicate that the degradation pathways that han-
dle RAN proteins and/or the process of RAN translation itself
varies in efficiency between different cell types. Taken together,
these data suggest RAN proteins play a role in the neurodegen-
erative changes and white matter abnormalities in HD (59 –62).

Myotonic dystrophy type 2

In 2017, Zu et al. (63) showed that the myotonic dystrophy
type 2 (DM2) intronic CCTG expansion mutation located in
the cellular nucleic acid-binding protein (CNBP) gene can
undergo both bidirectional transcription and RAN translation.
DM2 (64) is a multisystemic disorder clinically similar to myo-
tonic dystrophy type 1, which includes a late-onset CNS phe-
notype involving executive function deficits and white matter
abnormalities (65, 66). Although the DM2 expansions produce
the same tetrapeptide repeat motifs in all three reading frames:
leucine–proline–alanine– cysteine (LPAC) in the sense direc-
tion and glutamine–alanine– glycine–arginine (QAGR) in the
antisense direction (63), the C-terminal regions in each reading
frame differ, resulting in the expression of six unique proteins.
The LPAC and QAGR RAN proteins accumulate in DM2
autopsy brains in distinct patterns, with LPAC primarily found
in gray matter and QAGR in white matter regions of the brain.
Codon-replacement studies show LPAC and QAGR RAN pro-
teins are toxic-independent of CCUG- or CAGG-induced RNA
GOF effects. These authors also showed that the nuclear
sequestration of CCUG expansion transcripts into RNA foci
decreases the steady-state levels of the LPAC RAN proteins.
These data support a nuclear sequestration failure model in
which RNA GOF effects predominate until the capacity to
sequester expansion RNAs in the nuclei is exceeded and expan-
sion RNAs are exported to the cytoplasm (sequestration failure)
where they undergo RAN translation. This model predicts a
highly variable pattern of RNA foci and RAN protein accumu-
lation depending on the capacity of individual cells to sequester
expansion RNAs and/or undergo RAN translation.

Spinocerebellar ataxia type 31: A pentanucleotide
repeat

Spinocerebellar ataxia type 31 (SCA31) is an autosomal-
dominant disease caused by expansion of a complex pen-
tanucleotide repeat. The repeat tract, which includes TGGAA,
TAGAA, TAAAATAGAA, and TAAAA repeat motifs, is
located within an intron shared by the NEDD4-1 (BEAN1) and
thymidine kinase 2 (TK2) genes (67). The presence of UGGAA-
containing RNA foci in Purkinje cell nuclei of SCA31 patients
but not controls supports a toxic RNA GOF mechanism (68).
This repeat expansion is also translated into pentapeptide
repeat (PPR) proteins (poly(Tyr–Asp–Gly–Met–Glu)) that
accumulate in both SCA31 patient brain autopsy tissue and
Drosophila models (37). Because AUG-initiation codons are

embedded within the repeat tract, it is unclear whether ATG-
initiated or RAN translation is responsible for protein produc-
tion. In either case, PPR protein production is repeat length-de-
pendent as these proteins are only detected in SCA31 patients
and fly models with repeat expansions (37). Several RBPs,
including TDP-43, were shown to suppress RNA foci formation
and PPR protein accumulation (37). For TDP-43, inhibition of
RNA aggregates occurred in an ATP-independent manner in
vitro (37), suggesting that RBPs, like TDP-43, may play a role in
RNA quality control and/or regulation of translation. Another
AT-rich repeat, an (ATTTC) insertion in the noncoding region
of the DAB1 gene, has been associated with SCA37 (69)
and shows RNA aggregates in human cells overexpressing
(ATTTC)58 but not in (ATTTT)139 repeats. Although it
remains to be determined whether bidirectional transcription
and/or RAN translation occurs in SCA37, future experiments
with these AT-rich repeats will provide insight into the mech-
anisms of neurodegenerative disorders.

Fuchs endothelial corneal dystrophy (FECD)

The most recent repeat expansion disorder shown to express
RAN proteins is FECD (70). FECD involves the slowly-progres-
sive degeneration of the corneal endothelium, which ultimately
results in vision loss. An intronic CTG repeat located in the
third intron of the transcription factor 4 (TCF4) gene was
shown to be a common genetic cause of FECD (71). The CTG
expansion mutation results in RNA foci and RNA splicing
defects in endothelial cells from FECD patients, supporting an
RNA GOF mechanism for this disease (72, 73). Soragni et al.
(70) recently demonstrated that the intronic CTG�CAG expan-
sion in TCF4 undergoes RAN translation in transfected cells
and that the resulting antisense poly(Ser) and poly(Gln) RAN
proteins are toxic to immortalized corneal endothelial cells.
Additionally, the authors developed a C-terminal antibody
against the sense poly(Cys) expansion protein expressed from
the TCF4 CUG expansion RNAs and provided evidence for the
accumulation of a poly(Cys) protein in patients’ endothelial
samples (70). These data provide another opportunity to
understand the mechanisms of RAN translation and the tissue-
specific pathogenic consequences of the protein products of a
repeat expansion.

C9ORF72 ALS/FTD: Accelerating the pace of RAN
translation discovery

The 2011 discovery that the most common known genetic
forms of ALS and FTD are caused by a hexanucleotide (G4C2)
expansion in the C9ORF72 (74, 75) gene has raised an enor-
mous level of scientific interest because it linked the microsat-
ellite expansion field to more common neurodegenerative dis-
eases like ALS and dementia. C9-ALS/FTD mutation carriers
may develop ALS, which causes upper and lower motor neuron
loss and muscle atrophy, typically leading to death from respi-
ratory failure within 3–5 years of onset (76). This mutation can
also result in FTD, a disease characterized by behavioral and
personality changes with language dysfunction followed by
dementia later in the disease (77, 78). Disease mechanisms pre-
viously described in other repeat expansion diseases (4, 79)
have been proposed for C9-ALS/FTD (80, 81), including the
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following: 1) protein LOF due to C9ORF72 protein haploinsuf-
ficiency (74, 75, 82); 2) RNA GOF and RNA processing abnor-
malities caused by sequestration of one or more RNA-binding
proteins to C9-expansion RNAs (79, 84 – 89); and 3) RAN pro-
tein toxicity (33–35). Bidirectional transcription, another com-
mon feature of expansion mutations (2, 28, 90, 91), is also found
in C9-ALS/FTD. Both sense and antisense transcripts accumu-
late as RNA foci and produce RAN proteins (sense: poly(Gly-
Ala) (GA), poly(Gly-Arg) (GR), and poly(Gly-Pro) (GP); and
antisense: poly(Gly-Pro) (GP), poly(Pro-Arg) (PR), and poly
(Pro-Ala) (PA)) that accumulate in patient autopsy brains
(33–35).

The mechanism of translational initiation from the C9ORF72
repeat expansion has been the subject of investigation. Using a
cell-free in vitro translation system, Tabet et al. (92) showed
that translation from the expanded G4C2 transcript operates via
a 5�–3� cap-dependent scanning mechanism that utilizes an
upstream CUG codon, eIF4E, and is regulated by uORF. Simi-
larly, Green et al. (93) also showed that translation across G4C2
repeat expansions is cap- and eIF4A-dependent and utilized the
same near-cognate initiation codon. In contrast, data generated
using cell-based studies by Cheng et al. (94) support cap-inde-
pendent translation initiation for C9ORF72 expansion tran-
scripts. Data from this cellular system support a model in which
translation initiation occurs on uncapped spliced repeat-con-
taining intronic RNA following export to the cytoplasm. Simi-
lar to IRES-driven translation, C9 cap-independent translation
was shown to be up-regulated by ER stress pathways, through
eIF2� phosphorylation. Cheng et al. (94) and Green et al. (93)
speculate that disease is exacerbated by a feed-forward mecha-
nism in which RAN proteins increase ER and oxidative stress,
which leads to increased eIF2� phosphorylation and RAN pro-
tein expression. Additionally, increased R-loop formation and
double-strand breaks as well as defective ataxia telangiectasia-
mutated (ATM)-mediated repair associated with C9-expanded
repeats (95) may also factor into this process by promoting
intracellular stress.

In support of a possible role for protein loss-of-function
mechanisms in C9-ALS/FTD, lower levels of C9ORF72 protein
are observed in C9-ALS/FTD patients (75, 82, 87, 96, 97). Argu-
ments against a role for this mechanism include that there are
no known cases of ALS or FTD patients with null or missense
C9ORF72 mutations. Furthermore, C9ORF72 knockout mice
display an altered immune response but do not develop motor
neuron degeneration or other features of ALS or FTD (98 –
103), suggesting loss-of-function of C9ORF72 is not a primary
driver of disease. Data supporting an RNA gain-of-function
mechanism includes the accumulation of both sense and anti-
sense RNA foci in C9 patients and various model systems (35,
75, 104), splicing defects in C9 patient cells (105–107), and the
in vitro identification of multiple potential C9ORF72 RNA-
binding proteins (96, 104, 108 –116). These findings, particu-
larly the C9-associated RNA-binding proteins, have shown
considerable variability leaving the contributions of specific
RBPs in disease unclear. There has also been considerable
research focused on understanding the role of RAN proteins in
C9-ALS/FTD. Both the sense and antisense dipeptide repeat
(DPR) or C9-RAN proteins accumulate as aggregates in the

autopsy tissue of C9 patients. DPR proteins are a hallmark fea-
ture of C9-ALS/FTD and have been found in neurons and glia
throughout the brain and spinal cord (34, 111, 117). Although
there is general agreement that RAN proteins are toxic in model
systems, the contribution of individual RAN proteins to disease
is the subject of debate.

When overexpressed or delivered to cultured cells or animal
models, C9-RAN proteins are generally toxic (33–35, 84, 87,
116, 118 –124) with the arginine-containing proteins (poly(PR)
and poly(GR)) showing the strongest toxicity in most studies
(84, 119, 120, 125). PR and GR proteins interact with nuclear
proteins causing splicing aberrations (118, 126), nucleolar
stress (118, 127), abnormal stress granule formation (120), and
translational dysregulation (120, 128). PR and GR proteins
interact with other low complexity domain proteins, altering
the physiology of phase separation and impairing the assembly
and function of membrane-less organelles (125, 126). PR and
GR RAN proteins have also been shown to associate with the
U2 small nuclear ribonucleoprotein resulting in its cytoplasmic
mislocalization and the blockage of spliceosome assembly and
splicing (129), including genes related to mitochondrial, neuro-
nal, and pre-mRNA splicing function. The GA RAN protein,
which is moderately toxic in cell culture (116, 121, 122), was
also shown to be toxic in zebrafish (130) and to induce neuro-
degeneration when overexpressed by AAV delivery in mice
(116). GA proteins have been reported to interact with compo-
nents of the ubiquitin proteosome system (UPS) and UPS-re-
lated proteins (116, 131) and to cause disruptions in the UPS
system (116, 121, 122). Additionally, long poly(GA)80 proteins
have been shown to recruit poly(GR)80 into cytoplasmic inclu-
sions and thereby partially decrease GR-induced toxicity and
Notch signaling defects (132). Recently, an elegant 3D cryo-
electron tomography study by Guo et al. (133) showed that
poly(GA) proteins form aggregates that selectively trap mac-
romolecular complexes, including proteasomes, which may
contribute to protein homeostasis problems. Interestingly,
poly(Gln) aggregates have a fibril-like structure and cause ves-
icle and ER membrane deformation (134). It is important to
note that the majority of these toxicity studies have utilized
relatively short repeats (�90 repeats) compared with the hun-
dreds or thousands of repeats found in C9-ALS/FTD patients.
The length of the repeat tract can influence a number of events,
including nuclear/cytoplasmic localization (118, 132, 135),
inclusion formation (121), and toxicity (118, 128). Understand-
ing the structure, behavior, and toxicity of additional types of
RAN proteins found in patients, where repeats can be hundreds
or thousands of units long, will be important for understanding
the pathogenic mechanisms of C9-ALS/FTD and other RAN
protein diseases.

Nucleocytoplasmic transport

The nuclear pore complex and nucleocytoplasmic transport
deficits have been associated with several repeat expansion dis-
orders. Chromosomal DNA with expanded CAG repeats asso-
ciates with nuclear pores in yeast and NPC-associated factors
(136). In DM1, the transcription factor SHARP (SMART/
HDAC1-associated repressor protein) is mislocalized to the
cytoplasm, due to increased CRM1-mediated export, although
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the nucleocytoplasmic shuttling of other CRM1-mediated tar-
gets is not affected (137). In HD, the HTT protein contains a
highly conserved nuclear export signal (138), and NPC compo-
nents have been detected in synthetic poly(Gln) aggregates
(139). Huntingtin N-terminal poly(Gln) fragments reduce hun-
tingtin interaction with the nuclear export protein, translo-
cated nuclear pore (TPR) (140). Additionally, poly(Gln) expan-
sion proteins from repeat expansion diseases have reduced
rates of nuclear export (141, 142) or nuclear pore abnormalities
(143, 144). These older studies were conducted prior to the
discovery of RAN translation and warrant reinvestigation to
examine the potential contribution of RAN proteins to altera-
tions in the nuclear pore complex and nucleocytoplasmic trans-
port. Grima et al. (145) recently demonstrated severe mislocal-
ization and aggregation of nucleoporins (NUPs) and defective
nucleocytoplasmic transport can be induced by a mixture of
HD–RAN proteins and mediated by RanGAP. Another group,
Gasset-Rosa et al. (146), found, using HD mouse models, mul-
tiple nuclear membrane or NPC defects, including aggregated
nuclear pore factors that appeared to colocalize with mouse
HTT aggregates. In another study, cytoplasmic, but not
nuclear, aggregates of amyloid-like proteins, including mutant
huntingtin, interfered with nucleocytoplasmic transport of
both proteins and RNA (147). Expression of the FMR–
poly(Gly) has also been linked to altered nuclear lamina archi-
tecture that may contribute to FXTAS (56).

In C9ORF72 ALS/FTD, both the direct interaction of
C9ORF72–RNA fragments with nuclear pore complex proteins
(86) and the disruption of NPC function by RAN proteins (85,
148 –150) have been suggested as neurodegenerative pathways.
Additional support for the role of nucleocytoplasmic transport
deficits comes from the observation that misregulated nuclear
transport factors are found in multiple forms of ALS and FTD
patient autopsy material and patient-derived induced pluripo-
tent stem cell neurons (86, 151–153). TDP-43 pathology also
triggers structural defects in the NPC and nucleocytoplasmic
transport across multiple types of ALS/FTD (154). Several stud-
ies have identified nucleocytoplasmic transport components,
including RanGAP (86), as suppressors or enhancers of disease
using Drosophila (84, 86), yeast (85), and siRNA-based human
cell (155) screens. Additionally it has been shown that PR inter-
acts directly with the nuclear pore by plugging it and thereby
hindering nuclear export (156). RAN poly(PR) peptides hinder
nuclear export, likely by binding directly to the central channel
of the nuclear pore, through a direct interaction between
poly(PR) and nuclear pore proteins enriched in phenylala-
nine/glycine repeats (156). Although nuclear pore pathology is
a common in many neurodegenerative diseases, further studies
are needed to understand whether these deficits are a cause or
consequence of other cellular problems.

Mouse models

Although there has been considerable progress in under-
standing C9-ALS/FTD from the analysis of cell culture, simple
animal models, and patient-derived tissues, the progress on the
development of transgenic mouse models has been slow until
recently (98 –103, 157–162). Because the regulation of the
sense and antisense genes is complex, several groups decided to

generate BAC transgenic models of C9ORF72 ALS/FTD to
allow expression of these overlapping genes to be driven by
their endogenous human promoters. Whereas animals from all
four different BAC transgenic models produce RAN proteins
and RNA foci, disease presentation varies greatly. Two groups
did not observe behavioral or pathological phenotypes (157,
158). Mice developed by a third group showed spatial learning
and working memory deficits with mild hippocampal degener-
ation, but not the severe neurodegenerative phenotypes found
in patients with C9ORF72 ALS/FTD (159). A more severe phe-
notype was observed in a BAC transgenic mouse model devel-
oped by a fourth group (160). These mice show classic features
of both ALS and FTD, including decreased survival, paralysis,
muscle denervation, motor neuron loss, anxiety-like behavior,
and cortical and hippocampal neurodegeneration. Although
both sense and antisense foci are found in these mice, antisense
foci preferentially accumulate in ALS/FTD-vulnerable cell
populations. As these animals age and the disease progresses,
RAN protein accumulation increases, with end-stage animals
displaying the typical TDP-43 inclusions in degenerating
regions of the brain. A recent transgenic mouse model, express-
ing poly(GA) protein independent of RNA GOF effects, dem-
onstrated accumulation of the poly(GA) protein results in mild
motor phenotypes, including gait and balance abnormalities,
but not the overt phenotypes typical of ALS/FTD, including
paralysis and death (163). Similar to other models, RAN protein
inclusions develop before symptoms appear in the poly(GA)
mice (163), supporting the idea that the molecular effects of
these mutations precede overt disease phenotypes. Mouse
models with ALS/FTD phenotypes are critical for the develop-
ment and testing of therapeutic strategies. Additionally, under-
standing and comparing the molecular differences between
phenotypic and nonphenotypic models should provide insight
into disease modifiers.

Therapeutic approaches

The plethora of potential pathogenic elements associated
with expanded repeats (Fig. 2) makes it complicated to develop
and assess therapeutic interventions. Antisense oligonucleo-
tides (ASOs), which mediate cleavage of target RNAs via
nuclear RNase H, have been or are currently in clinical trials for
targeting the sense transcripts for both HD (164, 165) and DM1
(166, 167). It is important to note that in these trials, the anti-
sense transcripts and/or RAN proteins would not be down-
regulated. ASO strategies are also being developed for other
expansion disorders, including SCA2, SCA3, and C9ORF72
(168, 169). A single dose of sense-transcript targeting ASOs
administered in a C9-BAC mouse model decreased expanded
C9ORF72 transcript levels, sense foci, and both poly(GA) and
poly(GP) protein levels (159). Although ASO injections in older
mice improved cognitive test performance, it is important to
note that these mice do not develop TDP-43 inclusions or the
motor neuron loss characteristic of C9ORF72 ALS/FTD (159).
Interestingly, beneficial effects in treated mice were observed 6
months following injection, at a time when the expanded RNA
transcript levels were no longer reduced and poly(GP) and
poly(GA) levels remained lower (159). An alternative ASO
approach has utilized the knockdown of the SUPT4H1–

MINIREVIEW: RAN translation

J. Biol. Chem. (2018) 293(42) 16127–16141 16133



SUPT5H transcriptional elongation factor complex, which
reduces transcription of genes with long stretches of expanded
repeats without genome-wide changes in the expression of
other RNAs (170, 171). Reducing SUPT4H1 levels by either
ASO knockdown or genetic deletion results in reductions in
mutant-expanded HTT mRNA, Htt aggregates, and phenotypic
recovery (172). A similar knockdown of SUPT5H in patient-
derived C9ORF72 cells reduced both sense and antisense RNA
foci as well as poly(GP) protein without large-scale changes in
other transcripts (170). While promising, this treatment strat-
egy does not reduce expanded repeat transcript levels as much
as direct targeting with ASOs (100, 159, 170), and SUPT4H1/
SUPT5H alters the expression of a number of other genes (170)
that may have deleterious consequences.

Additional approaches, including the use of small molecules,
are being applied to repeat expansion disorders. These strate-
gies include blocking transcription (173, 174) and targeting the
expansion RNAs (175–181) or downstream cellular processes
(122, 182–186). Targeting nucleocytoplasmic transport defects
associated with repeat diseases has also been shown to be neu-
roprotective in both C9ORF72-ALS models (86, 187) and HD
mouse models (145). Depletion of SRSF1, which inhibits
nuclear export of C9ORF72 expansion transcripts by prevent-
ing its interaction with its nuclear export receptor, has been
shown to prevent neurodegeneration and locomotor deficits in
flies (187). In contrast, approaches that focus on inhibiting

sequestration of expansion transcripts by RBPs may allow
expansion transcripts to be exported to the cytoplasm, undergo
RAN translation, and further exacerbate the disease (63). Addi-
tional efforts have focused on targeting RAN proteins, and
anti-GA antibodies have been shown to inhibit intracellular
poly(GA) aggregation in cell culture and to block seeding activ-
ity in brain extracts (188). Overexpression of the small heat-
shock protein B8 (HSPB8), which modulates autophagy-medi-
ated disposal of misfolded aggregation-prone proteins (189),
was recently shown to decrease the accumulation of most
C9-RAN proteins (190). Targeting RAN proteins directly has
yet to be tested for therapeutic potential in more complex dis-
ease models but doing so may also provide clues to the patho-
genic role of RNA GOF versus RAN translation. A better under-
standing of the mechanisms of RAN translation and the role of
individual RAN proteins in disease is likely to provide novel
therapeutic opportunities.

Summary and future directions

RAN proteins have now been reported in eight repeat expan-
sion disorders with different repeat motifs, pathogenic thresh-
olds, and disease presentations. Although significant progress
has been made in understanding the role of RAN proteins in
disease, additional insights into the mechanisms of RAN trans-
lation will facilitate the identification of new therapeutic targets
and advance our understanding of cell biology and protein

Figure 2. Pathogenesis of a microsatellite repeat expansion disorder. An illustration of the three nonexclusive disease mechanisms proposed for most
microsatellite expansion disorders, using C9ORF72 ALS/FTD as an example, is shown. A, microsatellite repeat expansion mutation (G4C2�G2C4 for C9-ALS/FTD)
results in transcriptional inhibition and/or epigenetic silencing that reduces the levels of the resulting protein product (75, 82, 83). B, expansion mutations
produce up to six toxic RAN proteins from both sense and antisense mutant transcripts. These proteins disrupt normal cellular functions (e.g. nucleocytoplas-
mic transport) and/or overwhelm cellular coping mechanisms (e.g. protein homeostasis). In C9-ALS/FTD protein GOF effects lead to nucleolar dysfunction, ER
stress, altered autophagy, cell to cell transmission of RAN proteins, nucleocytoplasmic transport, and nuclear envelope deficits (33–36). C, expansion RNAs
sequester RBPs into nuclear foci reducing RBPs’ availability and decreasing its normal function. Expansion transcripts may also interact with and disrupt the
function of other cellular components, such as proteins of nuclear pore complex (86). Although the identity and altered function of the RBP protein for C9ORF72
hexanucleotide repeats are the subject of much debate (83, 96, 108, 110, 113–115), RNA GOF effects are well established for DM1 CUG repeats that sequester
MBNL proteins (79, 84 – 88). Different therapeutic approaches (purple boxes) target the various expansion RNA and protein products. ASOs and small molecules
(SM) have been used to target either the sense or antisense expansion RNAs, although the effect on the opposite strand is unclear. Alternatively, ASOs can
target transcription of the expanded repeat, e.g. SUPT5H (170). Additionally, therapeutic approaches, including small molecules, have been aimed at the
downstream consequences of the expansion mutations, such as increasing or improving protein clearance mechanisms. Antibodies against RAN proteins (188)
(Ab) or overexpressing proteins involved in autophagy (190) are also therapeutic approaches.
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translation. Although the structure, function, and C-terminal
regions of individual RAN proteins differ and warrant indepen-
dent consideration, targeting RAN translation could provide a
single therapeutic strategy likely to impact an entire category of
repeat expansion diseases. Additionally, the development of
new tools and strategies to study RAN translation and RAN
proteins are needed, along with models that mimic the full
spectrum of molecular, pathological, and behavioral features of
disease seen in patients. In summary, RAN translation is a complex
biological process that we are only beginning to understand. Given
the prevalence of repetitive elements in the human genome, RAN
translation is likely to be found in additional diseases and possibly
also contributes to normal cellular biology.
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The life cycle of malaria parasites in both their mammalian
host and mosquito vector consists of multiple developmental
stages that ensure proper replication and progeny survival. The
transition between these stages is fueled by nutrients scavenged
from the host and fed into specialized metabolic pathways of the
parasite. One such pathway is used by Plasmodium falciparum,
which causes the most severe form of human malaria, to synthe-
size its major phospholipids, phosphatidylcholine, phosphati-
dylethanolamine, and phosphatidylserine. Much is known
about the enzymes involved in the synthesis of these phospho-
lipids, and recent advances in genetic engineering, single-cell
RNA-Seq analyses, and drug screening have provided new per-
spectives on the importance of some of these enzymes in para-
site development and sexual differentiation and have identified
targets for the development of new antimalarial drugs. This
Minireview focuses on two phospholipid biosynthesis enzymes
of P. falciparum that catalyze phosphoethanolamine transmeth-
ylation (PfPMT) and phosphatidylserine decarboxylation
(PfPSD) during the blood stages of the parasite. We also discuss
our current understanding of the biochemical, structural, and
biological functions of these enzymes and highlight efforts to
use them as antimalarial drug targets.

Malaria and the challenging search for effective
antimalarial chemotherapy

Malaria is a mosquito-borne parasitic disease caused by pro-
tozoan parasites of the genus Plasmodium and is one of the
leading causes of death throughout human history. The disease
is endemic in 91 countries with the World Health Organization
African Region carrying the biggest burden of morbidity and
mortality (1). Of the Plasmodium species that infect humans,
Plasmodium falciparum and Plasmodium vivax account for the
overall majority of malaria clinical cases, hospital stays, and
death (1, 2). In 2016, these parasites were responsible for �216
million clinical cases and �445,000 deaths (1). Thanks to major

international efforts aimed at implementing improved policies
for control of mosquito populations, the wide use of bed nets,
and the application of new therapeutic strategies, this mortality
rate represents a drop of more than 50% from the �839,000
deaths recorded in 2000 (1, 3). However, despite this success,
the death toll is still unacceptably high. Emerging drug resis-
tance to first line therapies and the high cost of drugs continue
to add more health and economic burden on the affected pop-
ulations (1, 4, 5). The development of an effective vaccine con-
tinues to be both scientifically and technically challenging.
Among multiple candidates currently in development, RTS,S/
AS01 (or MosquirixTM), a recombinant protein-based vaccine
that targets the major circumsporozoite protein of P. falcipa-
rum, has shown the most promise so far (6). In the absence of a
vaccine with high effectiveness among the overall population,
there continues to be a need for new and affordable therapies
and novel therapeutic strategies to treat the disease.

Plasmodium parasites have a complex life cycle in the mos-
quito vector and humans, involving multiple developmental
stages, different morphological, biochemical, and metabolic
requirements, and well-controlled and highly coordinated gene
expression and regulatory mechanisms (7, 8). Following injec-
tion of the parasite into the skin of the human host by an
infected female Anopheles mosquito, the parasite undergoes
rapid multiplication within liver hepatocytes to produce thou-
sands of merozoites, which are packed into host cell mem-
brane-derived vesicles (merosomes) and safely transported past
the resident macrophages (Kupffer cells) into the liver sinusoids
where their invasion of the erythrocytes begins (9 –12).

Within the erythrocytes, each merozoite grows to several
times its original size before dividing asexually via schizogony
to produce 16 –32 new blood merozoites (13, 14). The intra-
erythrocytic life cycle ends with the rupture of the host cell. The
repeated cycles of invasion and destruction of host erythrocytes
are directly linked to the pathology and symptoms of the dis-
ease, which include fever, chills, and fatigue (15, 16).

The orchestration of the intraerythrocytic schizogony requires
a complete parasitic reorganization of the metabolically
reduced and terminally differentiated host erythrocyte to
ensure protection against immune attacks and to facilitate
nutrient supply to fuel parasite development and replication (1,
17–20). While long recognized as critical structural compo-
nents for parasite development and attractive therapeutic tar-
gets, phospholipids and their by-products have also emerged
(21) as major signaling molecules that control development and
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differentiation processes during Plasmodium intraerythrocytic
cycle (21–26). The rapid generation of abundant parasitic prog-
eny requires the appropriate amount of suitable lipid species at
the proper compartment and at the right time to establish an
active membrane biogenesis, which leads to a dramatically ele-
vated lipid metabolism during the intraerythrocytic schizogony
(22, 27). To acquire the necessary lipid species for different
compartments, the parasite either synthesizes them de novo
from previously produced metabolites or uses exogenous
sources such as the erythrocyte membrane or the human
plasma. This results in a 6-fold increase in the relative levels of
phospholipidsintheinfectederythrocyte(24,27,28).Thedepen-
dence on phospholipids for rapid parasite multiplication and
the uniqueness of some of the steps in the pathways of Plasmo-
dium lipid metabolism create significant opportunities for the
identification of antimalarial drug targets (22, 24, 27).

Structural, developmental, and signaling functions of
phospholipid biosynthesis in P. falciparum

Asexual blood stages and gametocytes of Plasmodium para-
sites are able to scavenge or synthesize up to 300 different lipid
species to facilitate growth, proliferation, transmission, and
sexual reproduction (24). The phospholipid classes, phosphati-
dylcholine (PC),3 phosphatidylethanolamine (PE), and phos-
phatidylserine (PS), are the major lipid components that define
Plasmodium membranes (21–23, 25, 29 –32). In the uninfected
erythrocytes, PC, PE, and PS constitute 30 – 40, 25–35, and
10 –20% of the total phospholipids, respectively, whereas in
P. falciparum-infected erythrocytes and in purified parasites,
these major phospholipids constitute 20 –55, 15– 40, and
4 –15% of the total phospholipids, respectively (Table 1) (25,
33). The reported higher levels of PE in P. falciparum mem-
branes compared with the membranes of other eukaryotes
(Table 1) have been proposed to be largely due to the inability of
the parasite to directly convert PE to PC (22, 23). However,
P. falciparum is able to generate phosphocholine, a precursor
for the synthesis of PC, from phosphoethanolamine via the
PMT pathway (see below). With the exception of a few path-
ways, which have been identified through metabolic and

genetic analyses, most components of the PC, PE, and PS bio-
synthetic machineries have been identified by searching for ho-
mologs in the Plasmodium genome databases of well-charac-
terized enzymes from yeast, plants, and other eukaryotes (22,
30). These pathways are outlined in Fig. 1.

Phosphatidylcholine

In most eukaryotic membranes (see Table 1), PC accounts for
more than 50% of phospholipids and spontaneously self-orga-
nizes to a planar bilayer (38, 39). In addition to its structural
role, PC can also modulate cellular signaling functions because
its hydrolysis by phospholipases leads to the formation of the
second messenger diacylglycerol (DAG), which is critical for
activation of specific classes of protein kinases (40, 41). Changes
in cellular PC levels have been shown to alter cell proliferation,
differentiation, as well as membrane movement (42). Studies in
malaria parasites have shown that PC is the major phospholipid
in Plasmodium membranes during both liver stage and intra-
erythrocytic schizogony (22, 30, 43, 44).

One of the two routes used to synthesize PC in Plasmodium
parasites is the cytidine diphosphate- or CDP-choline branch of
the Kennedy pathway (25, 28, 33, 38, 45). Metabolomic analyses
showed that 89% of PC is generated by the parasite from choline
via this particular pathway (33). To enter the Kennedy pathway,
choline is first transported into the parasite by an as yet uniden-
tified transporter and then phosphorylated by choline kinase to
form phosphocholine, which is subsequently used as a precur-
sor to form CDP-choline and finally PC, by the 1,2-diacylglyc-
erol cholinephosphotransferase (45). PC can also be synthe-
sized by the PMT pathway, which uses three sequential
methylations of phosphoethanolamine (via S-adenosylmethio-
nine donors) to form phosphocholine, catalyzed by the par-
asite phosphoethanolamine methyltransferase (PfPMT) (22,
46 – 48). Metabolomic analyses indicate that 11% of total PC in
P. falciparum is generated from the PMT pathway (33). Analy-
sis of available genome databases showed that among proto-
zoan parasites, PfPMT homologs are found primarily among
Plasmodium species that infect humans (P. vivax and
P. knowlesi), primates (P. knowlesi and Plasmodium reichen-
owi), and birds (P. gallinaceum) (49 –51). Orthologs of PfPMT
have also been found in proteobacteria (Burkholderia pseu-
domallei and Burkholderia oklahomensis), many species of
plants, two species of African clawed frogs (Xenopus laevis and
Xenopus tropicalis), nematodes (Caenorhabditis elegans and
Caenorhabditis briggsae), zebrafish (Danio rerio), the Florida
lancelet (Brachiostoma floridae), and the protozoan fungus
Phytophthora infestans (49). Interestingly, no PMT orthologs

3 The abbreviations used are: PC, phosphatidylcholine; PE, phosphatidyletha-
nolamine; CDP, cytidine diphosphate; DAG, diacylglycerol; lyso-PC, lyso-
phosphatidylcholine; PSD, PS decarboxylase; PfNSM, lyso-PC– dependent
phospholipase C (SM/LCPL-phospholipase C or PLC); PfPSD, P. falciparum
phosphatidylserine decarboxylase; PfPSS, P. falciparum phosphatidylser-
ine synthase; PfPMT, P. falciparum phosphoethanolamine methyltransferase;
PS, phosphatidylserine; PvPMT, P. vivax phosphoethanolamine methyltrans-
ferase; PMT, phosphoethanolamine methyltransferase; TM, transmembrane
domain; 7CPQA, 7-chloro-N-(4-ethoxyphenyl)-4-quinolinamine.

Table 1
Phospholipid composition of different eukaryotic cells
The comparison of lipid composition of different eukaryotic cells and uninfected erythrocytes is shown.

Organism/cell PC PE PS Refs.

Uninfected erythrocytes 30–40% 25–35% 10–20% 33
P. falciparum-infected erythrocytes and free parasites 20–55% 15–40% 4–15% 25, 33, 37
Trypanosoma brucei 45–60% 10–20% �4% 36
Toxoplasma gondii (free parasites) 75% 10% 6% 34
Aspergillus niger 51% 28.5% 5% 35
Candida albicans 40% 25.3% 12% 35
Cryptococcus neoformans 49% 28% 8% 35
Microsporum gypseum 23.1% 29.8% 19.4% 35
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are found in mammals, making them attractive targets for
selective therapies (49). The 3D structure of PfPMT and subse-
quently that of PvPMT (P. vivax phosphoethanolamine meth-
yltransferase) and PkPMT (P. knowlesi phosphoethanolamine
methyltransferase) showed high conservation, functional activ-
ity, and inhibition by the same drugs (29, 52, 53). Like other
methyltransferases known to be inhibited by the 4-amino-
quinoline, amodiaquine, PfPMT was also inhibited by this com-
pound (Table 2) (54). The specificity of interaction of amodi-
aquine with the enzyme was further demonstrated using NMR
spectroscopy (54). The compound was found to induce major
conformational changes, whereas its analog chloroquine had
no effect on the enzyme (54). Structural analyses of PvPMT
with amodiaquine further showed that the drug is an allosteric
inhibitor targeting a cleft located distal to the active site (43).

P. falciparum pfpmt� parasites lacking the PfPMT gene were
found to be viable even in the absence of exogenous choline,
although their growth was severely reduced (Table 2) (23). TLC
analyses showed that these parasites produce PC in the absence
of choline, suggesting that an alternative source of choline or a
choline-containing precursor is also available to the parasite
(23). Accordingly, a recent study by Brancucci et al. (55) showed
that P. falciparum actively transports lysophosphatidylcholine
(lyso-PC) from host plasma to generate PC (Fig. 1). Although
the mechanism of uptake and mode of utilization of lyso-PC by
the parasite remain to be determined, it is possible that lyso-PC
is either hydrolyzed to form a precursor that then enters the
CDP-choline pathway to form PC or is directly acylated to form
PC (Fig. 1). In yeast, lyso-PC is transported by the phospholipid
flippases, Dnf1p and Dnf2p, which are P4 ATPases (56, 57). A
second protein, Lem3p, also plays a role in the transport of
lyso-PC as a noncatalytic subunit of Dnf1p–Lem3p and Dnf2p–

Lemp3p complex. Because the crystal structure of the P4
ATPase is not yet available, the structural basis of lyso-PC
uptake remains unknown. However, several models have been
proposed based on extensive mutagenesis and computer simu-
lation analyses using crystal structures of cation-transporting
P-type ATPases (58 –61). Among them, the two-gate model has
been proposed for phospholipid translocation by Dnf1p (58).
First, the phospholipid headgroups slide through the entry gate
formed by the transmembrane domains (TMs) on the extracel-
lular side and then reach the exit gate formed through the other
TMs toward the cytosol. Once inside the cell, acylation of
lyso-PC is catalyzed by Ale1p (acyltransferase for lysophospha-
tidylethanolamine) (57, 62). A BLAST search for homologs of
these proteins in the P. falciparum genome database ( http://
plasmodb.org/plasmo/)4 identified several homologs of Lem3p
and Dnf1/2p, but no homologs of Ale1p could be found.

Phosphatidylethanolamine

PE can be found in the membranes of all eukaryotic and pro-
karyotic cells and is a key factor in several processes such as
membrane fusion or cytokinesis and can further serve as a
donor of the ethanolamine moiety that covalently modifies var-
ious proteins (63, 64). PE also increases the membrane curva-
ture, which is crucial for membrane budding, as well as fusion
and fission processes (29, 65). PE metabolism has been impli-
cated in important cellular processes such as autophagy, signal-
ing, and viral replication (66 –70) and in human diseases such as
Alzheimer’s disease, Parkinson’s disease, and nonalcoholic liver
disease (71).The biosynthesis of PE in Plasmodium parasites

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 1. Lipid synthetic pathways in the asexual stages of Plasmodium. The following abbreviations are used: RBCM, red blood cell membrane; RBCC, red
blood cell cytosol; PPM, parasite plasma membrane; DV, digestive vacuole; HZ, hemozoin; P/AA, peptides and amino acids; PfPSS, P. falciparum PS synthase;
PfSD, P. falciparum serine decarboxylase (asterisk indicates that enzyme activity has been reported but no corresponding gene has been identified); PfPLC,
P. falciparum phospholipase C; PfPSD, P. falciparum PS decarboxylase; PfCT, P. falciparum choline transporter; PfCK, P. falciparum choline kinase; PfCCT, P. fal-
ciparum CTP:phosphocholine cytidylyltransferase; PfCEPT, P. falciparum choline/ethanolamine-phosphotransferase; PfPMT, P. falciparum phosphoethanol-
amine methyltransferase; LD-PLC, lyso-PC– dependent phospholipase C; PfNSM, P. falciparum neutral sphingomyelinase; LD-PLD, lyso-PC– dependent phos-
pholipase D. Dashed arrows represent putative routes of transport and metabolism. The “?” indicates pathways and enzymes that might exist or catalyze certain
reactions respectively but that have not been identified yet.
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can occur either from ethanolamine via the cytidine diphos-
phate- or CDP-ethanolamine (Kennedy) pathway or from PS
via decarboxylation (Fig. 1) (29, 31, 33). The PE branch of the
Kennedy pathway uses three sequential steps catalyzed by par-
asite enzymes to generate PE de novo from ethanolamine (72).
The ethanolamine kinase of the Kennedy pathway uses ATP to
phosphorylate ethanolamine, whereas the phosphoethanol-
amine cytidylyltransferase uses CTP to generate the high-en-
ergy intermediate CDP-ethanolamine (45). This high-energy
intermediate is then used in conjunction with DAG, by the 1,2-
diacylglycerol ethanolaminephosphotransferase, to generate
PE (45). PE synthesis from PS is catalyzed by parasite-encoded
PS decarboxylase (PSD). PSD genes of both P. falciparum
(PfPSD) and P. knowlesi (PkPSD) have been shown to comple-
ment the ethanolamine auxotrophy of a yeast mutant lacking
the PSD activity (29, 73). Biochemical characterization of
PkPSD showed that the enzyme is less hydrophobic than other
PSD enzymes and is recovered in both soluble and membrane-
associated compartments when expressed in yeast (73). Dele-
tion of the N-terminal membrane domain of the protein greatly
improved its solubility while preserving catalytic activity (73).
Recent studies have shown that the enzyme belongs to the DHS
(Asp–His–Ser) protease family (74) and undergoes auto-endo-
proteolytic cleavage into a large �-subunit and a smaller �-sub-
unit with a pyruvoyl prosthetic group (73, 75, 76).

Metabolic studies in P. knowlesi suggested that besides etha-
nolamine uptake, a parasite-encoded serine decarboxylase
might exist which could produce ethanolamine from serine
(31). This reaction has previously been shown to occur exclu-
sively in plants (77). However, no homologs of plant serine de-
carboxylases could be found in the P. falciparum genome, and
attempts to isolate this enzyme from parasite extracts or to
identify the malarial gene by functional complementation in
yeast have not been successful (73). Biochemical assays further
excluded the PfPSD enzyme as a possible decarboxylase of ser-
ine (29). One possible explanation of the available data is that
Plasmodium lacks the ability for direct decarboxylation of ser-
ine and that the formation of ethanolamine from serine as
shown by metabolic analyses in P. knowlesi is a result of PE
turnover. In this case, serine is first incorporated into PS, and
the resulting PS is then converted into PE, which is subse-
quently hydrolyzed to produce ethanolamine.

Genetic studies in P. falciparum and rodent parasites suggest
that the PSD function might be essential for parasite develop-
ment in the absence of exogenous ethanolamine (Table 2) (29).
This has so far been supported by pharmacological studies with
inhibitors that target this enzyme (Table 2) (29). However, fur-
ther studies using gene editing technologies, conditional
knockouts, or more specific inhibitors are needed to evaluate
the importance of this step in parasite development and
differentiation.

Phosphatidylserine

PS is usually found in the inner leaflet of the lipid bilayer of
the plasma membrane of healthy mammalian cells and plays a
crucial role in apoptosis, erythrocyte senescence, blood coagu-
lation, as well as targeting and function of various intracellular
signaling proteins (64, 87– 89). In malaria parasites, PS has been
shown to play a role in P. falciparum-established erythrocyte
cytoadhesion (32). Interestingly, PS is also particularly enriched
in microvesicles that can be found in elevated levels within
the blood of P. falciparum-infected patients (24). These
microvesicles have been implicated in intercellular communi-
cation as well as gametocytogenesis (24). A recent study has
further shown that the parasite actively hampers the presenta-
tion of PS on the outer membrane leaflet of the plasma mem-
brane of liver cells during merosome formation to avoid the
phagocytic clearance of the parasitic progeny (90).

The synthesis of PS by Plasmodium parasites requires serine
that is either directly imported from the host plasma or
obtained from hemoglobin degradation in the digestive vacuole
by parasite proteases (Fig. 1) (22, 23, 31, 33). PfPSS (P. falcipa-
rum phosphatidylserine synthase) then uses the scavenged ser-
ine to generate PS. PS further serves as a precursor for the
synthesis of PE.

Role of phospholipid synthesis in Plasmodium
development and sexual differentiation

The first evidence that phospholipids play more than just a
housekeeping function in P. falciparum came from studies by
Witola et al. (23) on the characterization of knockout parasites
lacking the PfPMT gene. These mutant parasites had severe
growth defects, even in the presence of high concentrations of
choline (23). Furthermore, mature schizonts isolated from

Table 2
Overview of inhibitors and genetic knockouts of lipid synthetic enzymes
The following abbreviations are used: PfECT, P. falciparum CTP:phosphoethanolamine cytidylyltransferase; PfEK, P. falciparum ethanolamine kinase; PfCT, P. falciparum
choline transporter; PfCCT, P. falciparum CTP:phosphocholine cytidylyltransferase; PfCEPT, P. falciparum choline/ethanolamine-phosphotransferase; PfPMT, P. falcip-
arum phosphoethanolamine methyltransferase; LD-PLC, lyso-PC– dependent phospholipase C; PfNSM, lyso-PC– dependent phospholipase C (SM/LCPL-phospholipase
C); PfPSS, P. falciparum PS synthase; PfPLC, P. falciparum phospholipase C; PfPSD, P. falciparum PS decarboxylase; PfCK, P. falciparum choline kinase; NA, not applicable.

Enzyme
Knockout
lethality

Pharmacological
inhibition Putative compounds Refs.

PfEK NA � 2-Amino-1-butanol, bis-thiazolium T3 78
PfECT NA NA NA
PfCT NA � Amiodarone, bepridil, possibly pentamine, P16, and HC-3 86
PfCK NA � Hemicholinium-3, bis-thiazolium T3 78–80
PfCCT � � PG12 81
PfCEPT NA � T4 81, 82
PfPMT � � Amodiaquine, NSC-158011 21, 23, 54
PfPSS NA NA NA
PfPLC NA NA NA
PfPSD � � 7CPQA analog (MMV007285) 29, 85
PfNSM (LD-PLC) NA � Scyphostatin 84
PfSD NA NA NA
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these knockout parasites produced a smaller number of mero-
zoites and displayed an altered pattern of nuclear division com-
pared with WT parasites (23). Finally, these knockout parasites
were severely altered in their commitment to sexual differenti-
ation and could not be transmitted to mosquitoes (21). How-
ever, these defects could not be complemented by choline sup-
plementation, implying that either pools of PC derived from the
PMT pathway or intermediates of the methylation reactions
may play a critical role in these processes.

Recent studies in P. falciparum have shown that lyso-PC is a
major substrate of parasite phospholipid metabolism that fur-
ther acts as an environmental sensor (55). By degradative pro-
cesses, lyso-PC is also a major source of the Kennedy pathway
components choline and fatty acids, which are needed to fuel
the proper biosynthesis of PC (55). In case of lyso-PC limitation
between 34 and 38 h after red blood cell invasion, the parasite
responds with the production of less merozoites during the
development of the blood stages (55, 91). Low lyso-PC condi-
tions in the external medium further trigger the expression of
the transcriptional regulator of irreversible sexual commitment
and gametocytogenesis, Api2G, whereas the expression of
other key players such as PfPMT (especially in already commit-
ted cells) and other transcriptional factors are up-regulated (55,
92, 93). These recent findings suggest that lyso-PC controls the
fate of P. falciparum by facilitating the repression of sexual dif-
ferentiation. Interestingly, depletion of lyso-PC in the rodent
parasite Plasmodium berghei, which lacks PMT function and
other factors that are regulated by lyso-PC levels, had no effect
on the sexual differentiation of the parasite (50, 55).

Summary and future directions

Important milestones have been achieved over the past sev-
eral years in understanding lipid metabolism and its role in
P. falciparum development and differentiation. The recent
advances in metabolomic and genetic analyses will undoubt-
edly unravel more secrets about these processes and identify
ideal targets for the development of new antimalarials.

The unique enzyme PfPMT has already been identified as an
important key player in the lipid metabolism of P. falciparum
parasites by Witola et al. (23). The knockout of PMT had major
effects on growth and survival of the parasites, suggesting that
PfPMT could be a promising target for antimalarial chemother-
apy (23). Two studies showed that the antimalarial 4-amino-
quinoline, amodiaquine, and four additional compounds (NSC-
641296, NSC-668394, NSC-323241, and NSC-158011) were
able to inhibit PfPMT activity (Table 2) (21, 54). NSC-158011
appeared to be a particularly promising candidate because it
acts as a competitive inhibitor in the transmethylation reac-
tion and inhibits PfPMT activity as well as PC biosynthesis in
vivo (21).

Recent studies by Brancucci et al. (55) highlighted the impor-
tant role of lyso-PC in P. falciparum sexual differentiation.
However, the mechanism by which lyso-PC is transported from
the host serum into the parasite remains to be investigated. The
lyso-PC uptake might depend on the developmental stage of
the parasite or even the age of the infected erythrocyte (14, 94).
The parasite might also encounter different lyso-PC concentra-
tions within various tissues while traveling with the host eryth-

rocyte during its journey through the body as a juvenile ring or
during sequestration as a mature trophozoite or a schizont (18,
95). Mature P. falciparum blood stages secrete and present
cytoadhesins on the surface of the infected erythrocytes, ena-
bling these cells to become sequestered in the deep vascular bed
of inner organs to avoid splenic clearance (18). Brancucci et al.
(55) reported that parasite-induced sequestration in intra- and
extravascular spaces might cause variation in lyso-PC exposure.
They further observed dramatically reduced levels of lyso-PC in
bone marrow fluids, where high densities of gametocytes can be
found (96). However, gametocyte levels can also be high in the
brain, gut, heart, and spleen, and it needs to be determined
whether the localization of the sexual stages directly correlates
with the lyso-PC levels within those organs (96).

Future studies are also needed to investigate why some of the
asexual parasites appear to be unaffected when lyso-PC is
removed from the medium, whereas others develop into game-
tocytes. There are certainly various additional factors involved
in the sexual commitment of the parasites that are expressed at
a certain time in the life cycle of the parasite or under certain
conditions that are exclusively determined by the host. For
example, the fact that the levels of some lyso-PC molecular
species significantly decrease during the pyrogenic peak is one
important host condition that needs to be examined in con-
junction with parasite development and gene expression (97,
98).

The finding that lyso-PC plays an important role in parasite
development, differentiation, and transmission makes the met-
abolic pathways and the involved enzymes very attractive tar-
gets for antimalarial drugs. A promising enzyme candidate
might be the PfNSM, a lyso-PC– dependent phospholipase C
(SM/LCPL-phospholipase C), which catalyzes the hydrolysis of
sphingomyelin and lysophospholipids (Fig. 1) (27, 84). Hanada
and co-workers (84) previously reported that the treatment
with scyphostatin, a mycelial extract of the fungus Trichopeziza
mollissima, inhibited enzyme activity (ID50 � 3–5 �M) as well
as the growth of P. falciparum (�7 �M) (99).

Targeting PE synthesis is another attractive avenue to fight
malaria. An in vivo screen of inhibitors against PkPSD has been
previously reported (29). The screen searched for compounds
that inhibit growth of a yeast mutant that relies on malarial PSD
activity for survival. 18 candidates were identified as PSD in-
hibitors, and 7-chloro-N-(4-ethoxyphenyl)-4-quinolinamine
(7CPQA analog) (MMV007285) was chosen for further anal-
ysis because of the ready availability of precursors, ease of syn-
thesis, and low toxicity toward mammalian cells. The drug has
been shown to be effective against P. falciparum with IC50 val-
ues ranging between 0.5 and 1 �M (85), and it has a selectivity
index of �8 in vitro. 7CPQA, an analog of MMV007285, has
been shown to prevent Plasmodium yoelii growth in mice at 30
mg kg�1 following a daily oral administration for 3 consecutive
days (29). 7CPQA further inhibits all stages of parasite intra-
erythrocytic development.

In vitro inhibitor screens amenable for high-throughput
screening for decarboxylase enzymes have been challenging
due to a lack of suitable enzyme assays. The conventional PSD
enzyme assay is based on measuring captured radioactive CO2,
which is released following decarboxylation of 14C-PS by a PSD
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enzyme (100). Recently, a fluorescence assay based on the inter-
action of PE with the water-soluble distyrylbenzene-bisalde-
hyde (DSB-3) has been developed to facilitate chemical screens
for inhibitors of PSD enzymes. The assay is amenable to high-
throughput screening and can measure PSD activity of recom-
binant enzymes as well as native activity from cell extracts and
membrane preparations from bacteria and yeast (83). Efforts
are underway to identify more potent inhibitors of the malarial
PSD enzyme using this assay. Finally, targeting PS biosynthesis
through inhibition of PfPSS is another opportunity to inhibit
parasite growth. However, no promising antimalarial candi-
dates have been reported so far.

In summary, the lipid metabolism of Plasmodium parasites is
both complex and fascinating. Not all of the puzzle pieces have
been identified, but the already emerging picture gives a very
promising outlook of the future of antimalarial chemotherapy
due to the uniqueness of some of the already identified factors.

Perspectives

Efforts needed to further advance knowledge about phos-
pholipid metabolism in development, differentiation, and
malaria therapy include the following.

• Genetic analysis and target validation of phospholipid bio-
synthesis genes using CRISPR-Cas9 knockout and condi-
tional knockout strategies.

• Biochemical and genetic characterization of the transport
and metabolism of lyso-PC and other phospholipid
precursors.

• Identification and development of new classes of inhibi-
tors that target essential steps in membrane biogenesis.
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Polyamines have a long history in biochemistry and physiol-
ogy, dating back to 1678 when Leeuwenhoek first reported crys-
tals that were composed of spermine phosphate in seminal fluid.
Their quantification and biosynthetic pathway were first de-
scribed by Herb and Celia Tabor in collaboration with Sanford
Rosenthal in the late 1950s. This work led to immense interest in
their physiological functions. The 11 Minireviews in this collec-
tion illustrate many of the wide-ranging biochemical effects
of the polyamines. This series provides a fitting tribute to Herb
Tabor on the occasion of his 100th birthday, demonstrating
clearly the importance and growth of the research field that he
pioneered in the late 1950s and has contributed to for many
years. His studies of the synthesis, function, and toxicity of poly-
amines have yielded multiple insights into fundamental bio-
chemical processes and formed the basis of successful and con-
tinuing drug development. This Minireview series reviews the
highly diverse properties of polyamines in bacteria, protozoa,
and mammals, highlighting the importance of these molecules
in growth, development, and response to the environment, and
their involvement in diseases, including cancer, and those
caused by parasitic protozoans.

It is a pleasure and privilege to write a prologue to the
Minireviews on polyamine research in this issue of Journal of
Biological Chemistry. Herb Tabor’s contributions to this
field cover more than 60 years. His early papers with his wife
Celia (Fig. 1) and with Stanford Rosenthal had an enormous
impact on the field (1–5). Their experiments published in
1958 in JBC (3) identifying the biochemical pathway by
which spermidine (H2N(CH)4NH(CH)3NH2) is formed from
putrescine (H2N(CH)4NH2) in Escherichia coli formed the
basis for many subsequent investigations into the highly reg-
ulated synthesis and maintenance of polyamine content in
mammals, plants, pathogenic parasites, and many other spe-
cies. This paper (and a subsequent investigation of the enzy-
mology and genetics involved (6) which is described below)
was featured in the series of papers celebrating the JBC cen-
tennial (Fig. 2) (7).

Their descriptions of the enzymology of this pathway in
E. coli and in Saccharomyces cerevisiae (8 –11) led to studies in
many other laboratories showing that these enzymes were
essential for proliferation and were important therapeutic tar-
gets. Their identification of the genes for these enzymes and
their elegant use of the microbial mutants lacking these genes
(Fig. 3) led to a general appreciation of the critical roles played
by these simple molecules in growth and development (12–18).

Many of these functions are described in the articles mak-
ing up the 11 Minireviews in this issue of Journal of Biologi-
cal Chemistry (19 –29). These Minireviews cover many but
by no means all of the important biological functions of
polyamines.

Some indication of the explosive growth of the polyamine
area during Herb’s career is given by the exponential rise
of papers mentioning putrescine, spermidine, or spermine
(H2N(CH)3NH(CH)4NH(CH)3NH2) in PubMed. From 1920 to
1958, there were 55 publications; from 1959 to 1970 this rose to
359 publications; in the next decade there were 1833 publica-
tions; and in each subsequent decade there were more than
3500 publications.

Polyamines have a long history in biochemistry/physiology
that is quite easy to summarize prior to work by the Tabors,
because the entire field has less than 100 publications. It is well-
known (and indeed referenced in several of the Minireviews)
that the first publication describing them dates to 1678 when, in
a letter to the Royal Society describing spermatozoa, Leeuwen-
hoek reported crystals that appeared with time in seminal fluid
(30). These crystals are spermine phosphate, which is relatively
insoluble and precipitates as the phosphate level rises as a result
of phosphatase action. A detailed historical account of multiple
studies describing these crystals and their formation is given
by Williams-Ashman (31). In 1865, Boettcher mistakenly sug-
gested they were made of protein and was corrected by
Schreiner, who showed that they were the phosphate salt of an
organic base. Similar salts were obtained from other tissues and
named spermine by Abel in 1878. Early analyses of their chem-
ical composition were incorrect. The Russian researcher von
Poehl obtained the correct empirical formula but also pub-
lished unfounded and improbable claims for the therapeutic
value of spermine. In the 1920s, Otto Rosenheim and Wrede
independently established the correct structure and verified it
by chemical synthesis (32, 33). Except for studies on the pro-
duction of amines, including putrescine and agmatine by bac-
teria, which were known to be due to amino acid decarboxyl-
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ases by the work of Gale (34, 35), little was known about
polyamine synthesis and functions until the pioneering studies
of Herb and Celia Tabor, who together with Sanford Rosenthal

introduced analytical methods for measuring polyamine con-
tent, as well as understanding their pharmacology, toxicology,
and biosynthesis (2).

Figure 1. Herb and Celia Tabor. From Refs. 7 and 36. This figure was originally published in the Annual Review of Biochemistry. Tabor, C. W., and Tabor, H. It
All Started on a Streetcar in Boston. Annu. Rev. Biochem. 1999; 68:1–32. © Annual Reviews.
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The Tabors’ work over many years is wonderfully summa-
rized in an autobiographical article published in 1999 (36).
Herb has worked at National Institutes of Health (NIH) since
1943. He initially worked with Rosenthal on electrolyte changes
after traumatic shock and then on the metabolism of histamine.
This led him to purify diamine oxidase (histaminase), which
also acts on putrescine. He and his wife Celia then commenced
their groundbreaking studies on the analysis, distribution,
pharmacology, and toxicology of the polyamines spermidine
and spermine. In the late 1950s when this work was started, the
NIH was an extremely fertile ground for interactions between
scientists moving biochemistry forward with fundamental dis-
coveries, and the importance of these interactions are described
in Ref. (36). These investigators included Giulio Cantoni, the
discoverer of SAM2 (AdoMet) (37), which the Tabors showed
was not only the source of methyl groups but also the precursor
of the aminopropyl groups of the polyamines.

On a personal note, in 1966, I joined the laboratory of Guy
Williams-Ashman at The Johns Hopkins University, and he
suggested that I investigate the synthesis and endocrine regu-
lation of polyamines in the prostate. Guy said there was not
much known on the topic, and indeed I found fewer than 250
research papers, more than half of which were chemistry, on the
whole field of polyamines. However, these included the seminal
contributions of the Tabors on methods for their analysis and
the mechanism of spermidine synthesis from putrescine in
E. coli. The pathway for spermidine synthesis in rat prostate
was easily determined because the reactions were identical to
those described by the Tabors. Spermine, which is not formed
in E. coli, is produced by spermine synthase that catalyzes a very
similar reaction to spermidine synthase (38). One minor but
important difference is that the only route to putrescine in
mammals is via ornithine decarboxylase (ODC), whereas, as
described at that time by Morris and Pardee (39), E. coli has two
routes to putrescine: the direct decarboxylation of ornithine

and the decarboxylation of arginine followed by conversion of
agmatine by agmatine ureohydrolase. The content of poly-
amines and the activities of two key enzymes, ODC and SAM
decarboxylase (AdoMetDC), were greatly increased by andro-
gens in the prostate (40, 41).

Studies by multiple investigators of the effects of many other
hormones and growth-promoting stimuli in numerous other
tissues also described large and rapid increases in the enzymes
of polyamine synthesis and increased polyamine content
(reviewed in Ref. 42). These observations led a drug company
research institute (Merrell in France, later Merrell Dow, which
relocated to the United States) directed by Al Sjoerdsma, previ-
ously of NIH, to undertake an extensive program of the production
of inhibitors of polyamine synthesis (43). However, at that time, no
structural information was available on the enzymes; potent and
specific inhibitors of ODC and AdoMetDC were synthesized
based on known enzyme mechanisms and shown to be powerful
antiproliferative agents (44–47).

One of these, 2-difluoromethylornithine (DFMO; eflorni-
thine), is a mechanism-based inactivator of ODC first described
in 1978 (44). DFMO acts a substrate for ODC, but its decarbox-
ylation generates a highly-reactive intermediate that irrevers-
ibly inactivates the enzyme. Studies using cells in culture
showed that DFMO was profoundly antiproliferative, and there
were hopes that it would be a viable drug for treatment of malig-
nant diseases. Unfortunately, initial clinical trials for this pur-
pose were not sufficiently promising to justify the costs of
developing antitumor drugs that, even at that time, were sub-
stantial. However, studies on the possible use of these com-
pounds to treat parasitic diseases revealed that DFMO had con-
siderable potential for the cure of trypanosomiasis caused by
Trypanosoma brucei gambiense (48, 49). After the donation to
charity of both large amounts of the drug and the relevant pat-
ents by the company, therapeutic use for trypanosomiasis was
developed by the World Health Organization. This has led to a
successful combination therapy when used with nifurtimox,
which increases oxidative damage (43, 50). The history of syn-
thesis and development of DFMO, its use for trypanosomiasis,
and the influence of Herb and Celia Tabor on this work are
described in detail in the biography of Sjoerdsma (43). The

2 The abbreviations used are: SAM, S-adenosylmethionine; AdoMetDC,
adenosylmethionine decarboxylase; ODC, ornithine decarboxylase; DFMO,
2-difluoromethylornithine; NSAID, nonsteroidal anti-inflammatory drug;
dcSAM, decarboxylated SAM; MTA, 5�-methylthioadenosine; MTAP, MTA
phosphorylase.

Figure 2. JBC Classics. Polyamine biosynthesis. From Refs. 3, 6, and 7.
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mechanism of DFMO as an antiparasitic agent and the unique
biochemical features of polyamine pathways and functions in
protozoan parasites that could lead to the production of addi-
tional drugs are described in the Minireview by Phillips (25).

For many years, the Tabor laboratory continued to make
major findings on the enzymology, synthesis, and function of
polyamines in E. coli and budding yeast. Their characterization
of the enzymes in the pathway included the first purifications of
bacterial spermidine synthase (9) and a series of studies using
purified and cloned AdoMetDC. In these experiments, they
showed that AdoMetDC belongs to a class of decarboxylases

that use a covalently bound pyruvate as a cofactor (8, 51, 52) and
that this pyruvate is generated from an internal serine residue
via an autocatalytic post-translational modification (6, 7, 53).
There are significant differences in the primary and subunit
structures and activators of AdoMetDCs between different
species, but all use a pyruvate prosthetic group, which is
generated from a precursor in this way (54). Structural stud-
ies of these enzymes and their mutants that cannot cleave
due to mutation of the serine to an alanine, as carried out by
Ealick and co-workers (55, 56), have provided a detailed pic-
ture of this process (Fig. 4).

Figure 3. Genetics of biosynthetic pathway of polyamines. The upper section shows the pathway and genes in E. coli, and the lower section shows the shows
the pathway and genes in S. cerevisiae. From Ref. 36, based on Refs. 3, 8 –14. These data were originally published in the Annual Review of Biochemistry. Tabor,
C. W., and Tabor, H. It All Started on a Streetcar in Boston. Annu. Rev. Biochem. 1999; 68:1–32. © Annual Reviews.
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After elucidating the biochemical pathways of their synthe-
sis, they used genetic techniques to investigate function by iso-
lating mutants inactivating the key enzymes in E. coli (12–15)
and in S. cerevisiae (14, 16 –18). These strains and genetic anal-
yses were used to identify possible polyamine-responsive target
proteins and to show that polyamines provide protection from
oxidative damage (15, 57, 58), paraquat (59), paromomycin
(60), and elevated temperatures (61).

Their studies on growth of E. coli showed that it can grow
aerobically, albeit at a reduced rate, in the absence of poly-
amines (15), but it had an absolute requirement for spermidine
to grow under anaerobic conditions. Polyamines were essential
for the induction of the genes making up the glutamate-depen-
dent acid resistance system that is important for the survival in
the acid environment of the stomach (62). Recently, in a paper
published more than 60 years after his first contribution to the
polyamine field, Herb’s group determined that this effect is
mediated via the alternative � factor RpoS, which stimulates
gadE expression, which in turn induces the glutamate-depen-
dent acid resistance system (see Fig. 5) (63).

Another unique feature of polyamine metabolism was
reported in early work by the Tabors when they showed that
E. coli is able to convert a large proportion of its spermidine into
a glutathionylspermidine conjugate at the end of logarithmic

growth (64). More recently, Herb’s group has found that this
unique synthesis is limited to kinetoplastids and certain bacte-
ria but is found in all enterobacteria (65). Using strains with
deletions of glutathionyl synthetase/amidase, genetic analysis
showed major effects on the expression of more than 100 genes.
The function of glutathionylspermidine remains unproven, but
a plausible explanation consistent with the genetic analysis is
that it is important for survival in the crowded anaerobic intes-
tinal lumen (65).

Studies with yeast mutants lacking AdoMetDC or spermi-
dine synthase indicated that spermidine was essential for
growth (18, 66) and that this was due to its role as a precursor of
hypusine (67). Spermine was not essential for growth in yeast
(17), but it could replace spermidine by virtue of its oxidative
conversion to spermidine (18). Microarray studies in which
individual polyamines were added to yeast lacking spermidine
synthase grown with the minimal amount of spermidine to
allow hypusine formation showed that there were profound
changes in gene expression with more than 200 genes up-reg-
ulated and a similar number down-regulated (68). Spermine
was much less effective with alterations in only 18 genes.

The 11 Minireviews (19 –29) describe some of the highly
diverse properties of polyamines in bacteria, protozoa, and
mammals. They illustrate the importance of polyamines in nor-

Figure 4. AdoMetDC processing and structures. A and B show ribbon topology diagrams of the Thermotoga maritima AdoMetDC dimer (left) and the human
AdoMetDC dimer (right). Helices are represented by circles; �-strands are represented by triangles. The breaks between the � and � chains are indicated by gold
stars. C shows a stereoview of the cleavage/pyruvate formation site. The three key active-site residues (Ser-55, His-68, and Cys-83) in the T. maritima AdoMetDC,
which are involved in substrate binding, catalysis, and proenzyme, are structurally conserved in mammalian, plant, and microbial AdoMetDCs despite very
limited primary sequence identity. They correspond to residues Ser-77, His-117, and Cys-140 in E. coli AdoMetDC. Data are from Ref. 56. The original papers
describing the pyruvate prosthetic group in E. coli and yeast AdoMetDC and the processing to generate it were published by the Tabor group (6, 8, 51–53).

Figure 5. Polyamine-mediated induction of glutamate decarboxylase-dependent acid-response system. A shows the GAD box sequences identified,
and B shows the RpoS-binding sites upstream in these genes. C shows the proposed pathway for polyamine action. Data are from Ref. 63.
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mal growth and development and response to the environment
and in the development of pathologies. They also provide some
outlines of how the polyamine pathway may be used for
therapeutics.

A comprehensive overview of the importance of polyamines
in bacteria and archaea is provided by Michael (19). He
describes how spermidine goes back much further than 1678,
having been identified as a component of the last common
ancestor of life, which encoded a spermidine synthase. His arti-
cle provides an excellent overview of the diversity of poly-
amines that are by no means limited to putrescine, spermidine,
and spermine and of the multiple functions of polyamines in a
wide range of microbes, including important pathogens. He
describes many other polyamines that are critical cell compo-
nents, their synthetic pathways, and their importance in the
growth of the organism. Noteworthy are the long chain and
branched polyamines that are essential for thermophilic organ-
isms to survive and multiply at extreme temperatures. He also
discusses the importance of agmatine (decarboxylated argi-
nine), which, in addition to serving as a precursor of spermidine
in some organisms, is needed in many archaea for the formation
of 2-agmatinylcytidine in a tRNAIIe that discriminates isoleu-
cine and methionine codons and is essential for growth. Among
the important roles of microbial polyamines are cell wall pepti-
doglycan synthesis and biofilm development in pathogens such
as Vibrio cholerae and Yersinia pestis.

The article by Igarashi and Kashiwagi (20) describes detailed
studies of the abilities of putrescine and spermidine to influence
protein synthesis in E. coli. These polyamines stimulate protein
synthesis via general effects on the synthesis and structure of
ribosomes and by specific effects at the level of transition. They
describe a polyamine “modulon” consisting of a number of pro-
teins whose synthesis is stimulated by polyamines using one of
three mechanisms. These include stimulation of certain Shine-
Delgarno sequences, enhanced recognition of weak initiation
codons, and stimulation of amber codon read-through. The
latter influences RpoS, which, as described above, was identi-
fied in the Tabor laboratory as an important target for poly-
amines (62, 63). The Minireview (20) also describes multiple
other functions of polyamines in E. coli, including their antiox-
idant effects and allowing growth at acid pH. It also describes
the importance of spermidine uptake systems in maintaining
optimal polyamine levels.

A function of spermidine, which is essential for the growth of
many organisms, including archaea, budding yeast, trypanoso-
matids, and mammals, is its ability to act as a precursor of
hypusine, a post-translational modification of the eukaryotic
translation factor eIF5A. The importance, mechanism of syn-
thesis, and function of hypusine are described in the Minire-
view by Park and Wolff (21). Hypusine is produced by the
sequential action of two enzymes. Deoxyhypusine synthase cat-
alyzes the conversion of a specific lysine residue in eIF5A to
deoxyhypusine (N�-4-aminobutyl(lysine)), which is subse-
quently hydroxylated to hypusine (N�-4-amino-2-hydroxybu-
tyl(lysine)). The hypusinated form of eIF5A is needed for
continued translation elongation at ribosome pausing sites,
including those involving polyproline stretches. It also allows
translation termination by stimulating peptide release. There

are associations of eIF5A alterations with neurodevelopmental
disorders. This Minireview also describes studies in collabora-
tion with Dr. Tabor using mutants defective in polyamine syn-
thesis, in which it was found that hypusine formation was the
critical function for polyamines in S. cerevisiae (67). Other
requirements for polyamines for protein synthesis particularly
at the level of translation initiation can be fulfilled by Mg2� in
yeast where it can accumulate very high levels. This accumula-
tion cannot occur in mammalian cells providing an additional
requirement for polyamines.

The abilities of polyamines to influence protein synthesis at
both the general and specific levels are elegantly described in
the Minireview by Dever and Ivanov (22). Polyamine content
can affect initiation, elongation, and termination in a variety of
ways. These include the following: general effects on ribosomal
RNA, tRNA, and mRNA structure; the hypusine modification
in eIF5A, which affects proteins with certain amino acid
sequences; the ability to influence frameshifting; the effects on
the use of alternative translation start sites; and the effects on
ribosome stalling at small open reading frames. As they point
out, several of the original observations leading to the investi-
gation and understanding of these effects originated in the
Tabor laboratory (69 –71). They also explain several of the
ways in which some of these effects of polyamines are used to
regulate the synthesis and hence content of the polyamines
themselves.

One of the most interesting and intricate components of the
regulation of polyamine content in eukaryotes is the control of
ODC content via effects of a family of proteins termed anti-
zyme. This system is described in the Minireview by Kahana
(23). The ODC enzyme is very highly regulated, and its activity
can be changed rapidly by many stimuli, including growth fac-
tors, oncogenes, and tumor promoters. Physiological changes
in its activity are brought about solely by changes in the amount
of enzyme protein. Regulation of this content occurs at multiple
levels, including transcription, translation, and protein turn-
over. Mammalian ODC has a very short half-life (72). An intri-
cate pattern of control of ODC degradation occurs via the
actionoftheantizymefamily.AntizymebindstotheODCmono-
mer inactivating the enzyme and targeting it to the proteasome
for degradation without the need for ubiquitination. Kahana
describes how antizyme synthesis requires a polyamine-medi-
ated frameshift. Antizyme is, in turn, regulated by another pro-
tein termed antizyme inhibitor that resembles ODC but lacks
its enzymatic activity. Antizyme inhibitor binds more tightly
than ODC to antizyme thus preserving ODC activity. There is a
family of antizyme proteins for which the relative importance
and individual roles are still under active investigation. Anti-
zyme proteins regulating ODC are found in many species,
including yeast. An early indication that this was the case was
published by Herb’s laboratory (73). In 2001, they showed sper-
midine caused reduction in ODC content in yeast implying the
presence of an antizyme-like regulator, which was later identi-
fied and characterized by Dohmen and co-workers (74, 75).

Polyamines have an important function in protecting against
oxidative damage. This aspect of their physiology in microor-
ganisms was demonstrated in the Tabor laboratory for both
yeast and E. coli (58, 66). However, polyamine catabolism can
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also lead to significant oxidative damage. The complex role of
the polyamines and their metabolic products in oxidative
homeostasis is described in detail in the Minireview by Casero
and co-workers (24). Many oxidases that degrade polyamines
are known throughout the spectrum of living organisms. The
Tabor laboratory performed pioneering studies on these oxi-
dases (1, 76). Polyamine oxidation can generate hydrogen per-
oxide and reactive aldehydes, including acrolein. The presence
of extracellular amine oxidases in serum from many mammals,
including bovine sources, accounts for the toxicity of spermi-
dine or spermine when administered intravenously or when
added to cell cultures. Although this is well documented, there
are numerous erroneous reports in the literature describing
experiments in which polyamines are added to cell cultures
without the use of amine oxidase inhibitors to prevent the gen-
eration of such toxic products. Physiological serum polyamine
content is very low, and this type of toxicity does not occur
normally. As described in detail in this Minireview, mammalian
polyamine catabolism occurs inside the cell and involves highly
inducible pathways (24). Both spermidine and spermine can be
acetylated and then degraded by acetylpolyamine oxidase.
Spermine can be degraded directly by spermine oxidase.
Although both pathways can generate toxic products, including
hydrogen peroxide, the latter oxidation has a greater potential
to cause damage because spermine oxidase is present in the
nucleus and cytoplasm, whereas acetylpolyamine oxidase is
peroxisomal. Abnormal alterations in polyamine catabolism
are, however, clearly associated with some diseases, including
cancer. Spermine oxidase induction has been implicated in the
toxic effects of pathogenic organisms such as Helicobacter
pylori and Bacteroides fragilis and in inflammatory diseases.

The Minireview by Phillips (25) contains a comprehensive
summary of the current state of understanding of the role of
polyamines in trypanosomatids and other protozoan patho-
gens. Although there are common features in polyamine bio-
chemistry with hosts such as the requirement for hypusine,
there are unique aspects in the usage, synthesis, and uptake of
spermidine in these pathogens, which are causative agents in
important diseases (e.g. malaria, leishmaniasis, Chagas disease,
cryptosporidiosis, and trichomoniasis) for which there are lim-
ited therapeutic remedies. As indicated by the success of
DFMO for West African sleeping sickness caused by T. brucei
gambiense, these differences may provide the basis of additional
drugs. Factors contributing to this success may include the fol-
lowing: (i) mammalian ODC turns over much more rapidly
than the trypanosomal equivalent; (ii) spermidine is needed in
trypanosomes as the precursor of trypanothione, which coun-
teracts oxidative damage; and (iii) reduced polyamine content
may limit the ability of the parasite to escape the immune sys-
tem. Another important factor is the extracellular location of
the parasite, which limits its opportunities to take up poly-
amines from the host. It is likely that some means of interfering
with uptake of host or dietary polyamines will be needed for
parasites whose life cycle includes intracellular locations. A
particularly exciting recent discovery made in the Phillips lab-
oratory is that the trypanosomatid AdoMetDC and deoxyhy-
pusine synthase both have significant structural differences
from their host equivalents. These arise from gene duplications

that have generated an inactive subunit needed to form an
active heterodimer with a very weakly active paralog. (In mam-
mals, the enzyme is a dimer or tetramer with identical pairs
forming two active sites.) These differences may allow for the
design of inhibitors based on unique interactions at the active
sites rather than the mechanism-based inhibitors currently
available. Such compounds could have much greater species
specificity. Similar opportunities may exist in Plasmodium,
which uses a remarkable fusion protein possessing both ODC
and AdoMetDC domains for polyamine synthesis.

Two of the Minireviews describe the importance of poly-
amines in mediating tumor promotion and the effects of onco-
genes that have led to continued attempts to use the polyamine
biosynthetic pathway as a target for anticancer interventions
(26, 27). As described above, initial attempts to use the battery
of mechanism-based inhibitors of the enzymes in the poly-
amine biosynthetic pathway did not lead to approved therapies,
although there were some encouraging preliminary results.
More recently, there has been renewed interest in this field
leading to further testing of inhibitors of biosynthesis alone and
in combinations with other drugs, as well as trials of polyamine
analogs that block growth-stimulatory actions and, in some
cases, induce the biosynthetic degradation pathways. There are
multiple studies using animal models showing that such inter-
ventions can be effective. This work has produced several
promising developments and ongoing clinical trials (reviewed
in Ref. 77).

Bachmann and Geerts (26) review the work showing that the
ability of MYC proteins to stimulate polyamine synthesis is
important in the development of tumors in response to this
oncogene, which is overexpressed in many different tumor
types. Production of drugs to target the MYC family directly has
not yet been successful perhaps due to the wide variety of crit-
ical genes influenced by them. Studies by Cleveland and co-
workers using transgenic mouse models and DFMO have
shown that ODC is a key downstream target of MYC in both
lymphoma (78) and neuroblastoma (79). The ongoing attempts
to improve therapy for pediatric neuroblastoma in which
MYCN gene amplification is a common event by using DFMO
are described in detail in this article (26). The Minireview by
Gerner et al. (27) outlines experimental and clinical studies on
the importance of polyamines in the development of gastroin-
testinal cancer. Several lines of evidence attest to their key role
in this major cause of human disease. Elevation of polyamine
synthesis and content occurs in familial adenomatous polypo-
sis. Mutations of the APC tumor suppressor cause up-regula-
tion of ODC and other polyamine biosynthetic enzymes in
humans and in the murine ApcMin/� model of colon cancer.
DFMO treatment also decreases tumor incidence in this
model. These considerations have led to clinical trials of
DFMO to lower cancer incidence in high-risk groups. The
lack of serious toxicity upon prolonged treatments with
DFMO renders it potentially suitable for such a long-term
treatment in patients with risk but without current disease.
Combinations with nonsteroidal anti-inflammatory drugs
(NSAIDs), such as sulindac or celecoxib, have produced sig-
nificant reductions in tumor burden in both ApcMin/�

mouse models and in human trials. NSAIDs may act not only
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via effects on prostaglandin metabolism but also by influenc-
ing polyamine-mediated pathways, because they repress
ODC and stimulate polyamine catabolism.

It is now recognized that an important function of poly-
amines in humans is in the regulation of ion channels. Two of
the Minireviews cover this important area. Nichols and Lee
describe their effects on inward-rectifying potassium (Kir)
channels (28). This action of polyamines was first described by
Nichols’ laboratory in 1994 (80). The inward rectification is
essential for the functioning of these channels, which control
multiple critical cellular functions. Detailed structural analysis
and experimental studies with mutations at key residues have
provided a clear understanding of the importance of poly-
amines in their mechanism of action. The exact positioning of
the polyamines needed for the block in the channel is still not
fully established, but a plausible cavity-trapping model that is
capable of experimental verification is proposed. Polyamines
also regulate ionotropic glutamate receptors, and this phenom-
enon is reviewed by Bowie (29). Polyamines bind in the internal
channels of these receptors blocking ion transport. Numerous
channels are affected, including �-amino-3-hydroxy-5-methyl-
4-isoxazole propionate (AMPA), N-methyl-D-aspartic acid
(NMDA), kainate, and some orphan receptors. The magnitude
of effect is dictated by both the polyamine bound and the sub-
unit composition of the receptor as well as auxiliary regulatory
proteins that can modulate the receptors. Thus, physiological
effects on ion flow and function are complex. Structural analy-
ses reveal the binding sites of polyamines, and experimental
studies show that polyamines can pass into the cell through
these channels. It is an interesting speculation that permeation
of polyamines through these channels may be a mechanism of
polyamine transport into the brain.

Both Minireviews on ion channels describe some clinical
correlations with alterations in polyamine regulation. They also
mention the possibility that some of the dysfunctions in
patients with the inherited condition Snyder-Robinson syn-
drome may be related to altered functions in these channels.
Snyder-Robinson syndrome is due to an X-linked inheritance
of mutations in spermine synthase (81). This leads to a marked
increase in the spermidine/spermine ratio and an increase in
total polyamine content. Potential alterations in oxidative dam-
age as mentioned in the Minireview by Casero and co-workers
(24) could also be involved in the complex phenotype of Sny-
der-Robinson syndrome. The phenotype of patients with Sny-
der-Robinson syndrome shows clearly that spermine is need for
normal development in humans. This is confirmed by animal
studies because Gy mice, which have a deletion of the part of the
X chromosome that contains spermine synthase, have multiple
defects, including a short life span which is at least partially due
to arrhythmias that are consistent with altered ion channel
function. All of these defects are corrected by transgenic
expression of spermine synthase (82). There are quite striking
differences in individual disabilities in Snyder-Robinson syn-
drome patients that do not correlate with the degree of reduc-
tion in spermine synthase. This suggests that there are other
gene products that influence the response to polyamine imbal-
ance and are consistent with the finding that a complete inac-

tivation of spermine synthase in mice is compatible with viabil-
ity only on the mixed B6C3H background (82).

The 11 Minireviews contained in this issue contain summa-
ries of many but by no means all of the important roles of poly-
amines in biology. Several other areas that should be mentioned
include the following: the importance of polyamine interac-
tions with DNA; polyamine biochemistry in plants; the critical
interactions between the polyamine pathway and sulfur metab-
olism; and the mechanisms and importance of polyamine trans-
port. Tabor’s research has had major influences on all of these
areas that are summarized briefly below.

The binding of polyamines to DNA can affect its structure,
transcription, and stability (83). This is one of the reasons why
they are essential for the replication of many viruses (84). The
ability of polyamines to condense DNA is not only important in
viral packaging but also in the production of nanometric parti-
cles for gene therapy (85). Their importance in protecting DNA
from damage at high temperature is described by Michael (19).
Their ability to protect DNA from depurination may be a sig-
nificant factor in this effect (86).

Polyamines perform many of the functions described above
in plants where they are also used as structural scaffolds in the
production of many diverse plant-specialized metabolites (87).
Plant polyamine biosynthesis differs from other eukaryotes due
to the presence of both an additional pathway to synthesize
putrescine from arginine via agmatine and N-carbamoylpu-
trescine and the presence of thermospermine synthase that
produces a structural isomer of spermine (88). These pathways
were acquired from the cyan bacterial ancestor of the chloro-
plast via end symbiotic gene transfer (87). The model plant
Arabidopsis thaliana differs from most plants in having lost the
ODC route for putrescine biosynthesis (89). Experimental dele-
tion of its arginine decarboxylase or spermidine synthase
results in embryo lethality (90, 91) demonstrating the essenti-
ality of polyamines for plant growth. Deletion of Arabidopsis
thermospermine synthase results in severe stunting due to
greatly reduced stem elongation (92). Spermine synthase is not
essential for its normal growth and development, but its dele-
tion does render Arabidopsis more sensitive to salt and drought
stress (93).

Another important topic with multiple facets is the close
inter-relationship between the polyamine pathways and methi-
onine and one-carbon metabolism. A significant proportion of
the methionine usage outside of protein synthesis occurs via
its conversion into polyamines (68). AdoMetDC irreversibly
directs methionine to polyamine synthesis because decarboxy-
lated SAM (dcSAM) is not used by methyltransferases and has
no significant further metabolism except for polyamine synthe-
sis (54). An underappreciated effect of ODC inhibition (94) or
the loss of spermidine synthesis in Tabor’s yeast mutants is that
dcSAM accumulates dramatically (95). Its content, which is
normally only a few percent of SAM itself (96), can exceed that
of SAM. This has important consequences for sulfur metabo-
lism and cell growth and may contribute to the antiproliferative
effects of ODC inhibitors. A by-product of the spermidine
and spermidine synthase reactions is 5�-methylthioadenosine
(MTA). This is recycled by a pathway that salvages both the
adenine and the methylthio moiety and is commenced by a
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hydrolase in bacteria, mammals, and yeast by a phosphorylase
(MTAP) that generates adenine and methylthioribose 1-phos-
phate (97). MTA accumulates in the absence of this recycling
pathway. This accumulation can occur due to inhibition of
MTAP by drugs, loss of the MTAP gene expression, which
occurs frequently in tumors or, as shown by the Tabor group, in
yeast mutants with experimental deletion of the MTAP gene
(68). The increase is limited by the ability of MTA to diffuse
through the cell membrane but can lead to a loss of methionine
and ATP content. MTA metabolism is also important to allow
normal polyamine synthesis because both aminopropyltrans-
ferases are product-inhibited by MTA with spermine synthase
being more sensitive (98, 99). Many tumors lack MTAP. The
MTAP gene is adjacent to the CDKN2A/ARF tumor suppressor
locus and may be co-deleted. It may also be inactivated by aber-
rant methylation. Absence of MTAP may contribute to the
well-documented requirement of many tumors for methionine,
and exploitation of the MTAP deficiency for cancer therapy is
an ongoing research area (24).

Several of the Minireviews describe investigations of the
mechanisms by which the polyamines, which are largely proto-
nated at physiological pH, pass through membranes. Polyamine
uptake by an E. coli transport system was first reported by the
Tabors in 1966 (100). Transporters from E. coli, other bacteria,
and yeast have now been fully characterized (101). Transport
from the host has been shown to be important in the supply of
polyamines to intracellular parasites (25). In mammals, there is
good evidence for energy-dependent saturable transport pro-
cesses, which, as described by Kahana (23), are inhibited by
antizyme. Three models of transport have been proposed
with some supporting evidence for each (102). One model
involves a membrane permease followed by processing poly-
amines through a series of endosomes; in the second model,
polyamines are bound to heparin sulfate moieties in glypi-
can-1 at the cell surface and are then internalized by endo-
cytosis; in the third model uptake occurs by caveolar endo-
cytosis in gastrointestinal cells. The exact details of these
systems and their relative importance in affecting the con-
tent of each of the polyamines are still unclear. Because there
are abundant polyamines in dietary sources, their potential
to influence the effectiveness of polyamine inhibitors as
drugs and for interventions in patients with Snyder-Robin-
son syndrome is obvious.

The breadth of the polyamine field and their roles in so many
aspects of biochemistry are evidence of the remarkable insight
of Herb Tabor in choosing many years ago to pursue their bio-
chemistry and genetics. All of the authors of these Minireviews
and others currently working in the field have benefitted greatly
from his seminal contributions and send their thanks and con-
gratulations on his birthday.
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Most of the phylogenetic diversity of life is found in bacteria
and archaea, and is reflected in the diverse metabolism and
functions of bacterial and archaeal polyamines. The polyamine
spermidine was probably present in the last universal common
ancestor, and polyamines are known to be necessary for critical
physiological functions in bacteria, such as growth, biofilm for-
mation, and other surface behaviors, and production of natural
products, such as siderophores. There is also phylogenetic
diversity of function, indicated by the role of polyamines in
planktonic growth of different species, ranging from absolutely
essential to entirely dispensable. However, the cellular molecu-
lar mechanisms responsible for polyamine function in bacterial
growth are almost entirely unknown. In contrast, the molecular
mechanisms of essential polyamine functions in archaea are bet-
ter understood: covalent modification by polyamines of transla-
tion factor aIF5A and the agmatine modification of tRNAIle.
As with bacterial hyperthermophiles, archaeal thermophiles
require long-chain and branched polyamines for growth at high
temperatures. For bacterial species in which polyamines are
essential for growth, it is still unknown whether the molecular
mechanisms underpinning polyamine function involve covalent
or noncovalent interactions. Understanding the cellular molec-
ular mechanisms of polyamine function in bacterial growth and
physiology remains one of the great challenges for future poly-
amine research.

Polyamines (Fig. 1) are a relatively overlooked component of
the bacterial and archaeal metabolomes. This is due to several
factors, including the patchwork phylogenetic distribution of
any specific polyamine, the nontrivial problem of their detec-
tion and quantification, and the dearth of knowledge in bacteria
about any molecular mechanisms that polyamines are involved
in. Consequently, the terms “enigmatic” and “mysterious” occa-
sionally decorate the titles of polyamine papers, yet the poly-
amine spermidine was almost certainly present in the last uni-
versal common ancestor of life (LUCA),2 because LUCA likely
encoded spermidine synthase (1). The extent to which poly-
amine functions are selected for by evolution can be inferred
from the fact that two entirely independent biosynthetic path-

ways exist for spermidine production; similarly, two distinct,
independent pathways exist for homospermidine biosynthesis,
and polyamine biosynthetic enzyme arginine decarboxylase has
convergently evolved from four different protein folds (2). This
minireview will discuss polyamine function in archaea and bac-
teria but will not discuss production of agmatine, putrescine, or
cadaverine by acid-inducible basic amino acid decarboxylases
(2, 3) or the agmatine deiminase system that takes up exoge-
nous agmatine and exports putrescine (4). It will not, for the
most part, cover inferred functions of polyamines determined
from observations of in vitro biochemical behaviors of poly-
amines in binding RNA and DNA and other macromolecules.
To highlight the phylogenetically narrow scope of current pub-
lished polyamine function studies in bacteria, the host phylum
of the various bacterial species discussed is indicated.

Archaea

Archaea (Archaebacteria) were formerly viewed as extremo-
phile bacteria until they were unveiled as the third domain of
life by Woese and Fox (5). They differ from bacteria in having
isoprene lipids conjugated by ether bonds to glycerol-1-phos-
phate in their membranes, they lack peptidoglycan in their cell
walls, and their informational proteins (e.g. those involved in
transcription and translation) are more similar to eukaryotes
than to bacteria (6). Recently, culture-independent sequencing
approaches have greatly expanded the known phylogenetic
diversity of archaea, with many new phylum-level lineages
being discovered in diverse habitats (6 –8). The lifestyles of
archaea (e.g. hyperthermophiles, methanogens, and halophiles)
do not necessarily reflect phylogeny but have been a useful
descriptor before specific molecular phylogenetic attributions
were possible.

The distribution of individual polyamines (Fig. 1) among
archaeal groups is distinctive. Some of the earliest observations
about polyamines in archaea were that they are absent in halo-
philes (9 –11). It was also noted that the halophile Halobacte-
rium halobium was unable to take up exogenous putrescine (9),
but cell extracts of H. halobium and Halococcus morrhuae were
able to produce agmatine from added arginine (11). Polyamines
can be described by the number of methylene carbons between
amine groups (e.g. putrescine is represented by [4] and spermi-
dine by [34]). Analysis of diverse hyperthermophilic, acido-
philic, and thermoacidophilic archaea found a variety of linear
polyamines, including norspermidine [33], spermidine [34],
homospermidine [44], norspermine [333], spermine [343],
thermospermine [334], caldopentamine [3333], homocaldo-
pentamine [3334], thermopentamine [3343], and caldohexam-
ine [33333], and quarternary branched pentaamine N4-bis
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(aminopropyl)spermidine (12) (Fig. 1). Some methanogens
contain only homospermidine and putrescine, the majority
contain only spermidine, and some contain both homospermi-
dine and spermidine (13). This diversity of polyamine struc-
tures and phylogenetic distribution suggests lifestyle-related
functions for different polyamines. However, some core con-
served functions of polyamines in archaea can be discerned.

Deoxyhypusine/hypusine modification of translation factor
aIF5A

A common feature of archaea is the presence of the poly-
amine-derived deoxyhypusine/hypusine modification of trans-
lation elongation factor aIF5A (14). In eukaryotes, the ami-
nobutyl moiety of spermidine is transferred by deoxyhypusine

synthase (DHS) to a single lysine residue in eIF5A to form
deoxyhypusine, which, after hydroxylation by deoxyhypusine
hydroxylase, forms the hypusine post-translational modifica-
tion (15–17). Hypusine modification of eIF5A is required for
translation of mRNAs encoding polyproline tracts that would
otherwise cause ribosome stalling and translational arrest (18).
DHS is essential for growth of eukaryotes as phylogenetically
distant as budding yeast (19), mouse (20), and trypanosamatid
parasites (21, 22). Diverse archaea have been shown to contain
either deoxyhypusine- or hypusine-modified aIF5A (14, 23, 24).
Analysis of archaeal genomes by BLASTP indicates that all
archaea are likely to encode DHS. Inhibition of the thermoaci-
dophilic crenarchaeote Sulfolobus acidocaldarius DHS by
N1-guanyl-1,7-diaminoheptane led to cell cycle arrest (25).
Although deoxyhypusine formation in eukaryotes depends on
spermidine as an aminobutyl group donor (15), and this is likely
to apply to most archaea (Fig. 2), the mechanism of deoxyhy-
pusine formation in halophiles does not depend on spermidine.
Halophiles do not accumulate either spermidine or putrescine;
however, they do accumulate agmatine. An agmatinase-like
gene (agmatinase converts agmatine to putrescine) is necessary
for deoxyhypusine formation in Haloferax volcanii, and only
deoxyhypusine, and not hypusine, is detected in aIF5A (26).
The H. volcanii agmatinase-like gene is essential for growth
even though putrescine and spermidine are not accumulated. It
was suggested that the aminobutyl moiety of deoxyhypusine in
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H. volcanii might be derived from putrescine or from agmatine
that is transferred to aIF5A and the guanidino group subse-
quently released to form deoxyhypusine by the action of the
agmatinase-like enzyme. Currently, it is not certain whether
putrescine is required for growth of halophiles, and, as men-
tioned above, the halophile H. halobium was unable to take up
exogenous putrescine (9).

In contrast, the recombinant DHS of the hyperthermophilic
euryarchaeote Thermococcus kodakarensis transfers the ami-
nobutyl group of spermidine to T. kodakarensis aIF5A to form
deoxyhypusinated aIF5A (26) (Fig. 2). Although spermidine is
required for deoxyhypusine formation in T. kodakarensis (26),
putrescine is not required for growth because spermidine is
synthesized from agmatine via aminopropylagmatine rather
than putrescine (27). Some methanogens, in particular the
Methanosarcinaceae, accumulate only homospermidine rather
than spermidine (13). Homospermidine contains two ami-
nobutyl groups, and the human DHS can use homospermidine
to donate an aminobutyl group to eIF5A (28). Intriguingly,
homospermidine-accumulating members of the Methanosar-
cinaceae are capable of nitrogen fixation (29), and recently
homospermidine biosynthesis was shown to be essential for
normal diazotrophic (nitrogen-fixing) growth of the filamen-
tous cyanobacterium Anabaena (30). Spermidine is therefore
dispensable for growth in archaeal halophiles and some
methanogens.

Agmatinylation of tRNAIle

In most but not all archaea, agmatine is transferred to
tRNAIle to form the covalent modification known as agma-
tidine (2-agmatinylcytidine) on the cytidine of the anticodon
CAT (31, 32) (Fig. 2). This modification, performed by the
enzyme TiaS, is required for the discrimination of isoleucine
and methionine codons and is essential for growth. The enzyme
TiaS is also essential for growth (33). A few archaeal species,
including Candidatus Korarchaeum cryptofilum OPF8 and
Nanoarchaeum equitans do not encode a TiaS homologue and
instead encode tRNAIle genes with TAT anticodons (34). In the
vast majority of archaea, it is likely that agmatine, specifically,
will be necessary for growth due to the need for the agmatidine
modification of tRNAIle. The role of agmatine in agmatinyla-
tion explains why agmatine but not putrescine is essential for
growth of T. kodakarensis (35) and why agmatine is the only
polyamine accumulated in some extreme halophiles (36). An
equivalent modification of tRNAIle in bacteria is achieved by
covalent attachment of lysine (37) by the enzyme TilS (38), a
nonhomologous equivalent of TiaS that has arisen by conver-
gent evolution (34). Due to the role of agmatine in agmatinyla-
tion of tRNAIle, provision of agmatine by arginine decarboxyl-
ase is particularly important in archaea. A pyruvoyl-dependent
arginine decarboxylase is present in Euryarchaeota (39), but
this gene has been lost in Crenarchaeota, and instead a SAM
decarboxylase paralogue has evolved to decarboxylate arginine
(40). The covalent incorporation of agmatine into agmatidine
in tRNAIle, and the aminobutyl group of spermidine or homo-
spermidine into deoxyhypusine in aIF5A means that agmatine
and spermidine/homospermidine are independently essential
for growth in most archaea.

Long-chain and branched polyamines in hyperthermophilic
archaea

The diverse roles of polyamines in archaea are best exempli-
fied by the difference in polyamine content between hyperther-
mophiles and halophiles. Disruption of the gene encoding the
agmatine aminopropyltransferase of the hyperthermophile
T. kodakarensis (27) resulted in depletion of spermidine and
branched-chain polyamines (N4-aminopropylspermidine
and N4-bis(aminopropyl)spermidine, originally misassigned
as spermine and N4-aminopropylspermidine) and severe
growth defects at 85 °C, and even more so at 93 °C, that could be
slightly reversed at 85 °C but not at 93 °C by supplying spermi-
dine. If only the branched-chain polyamines are eliminated by
deletion of the branched-chain aminopropyltransferase BspA,
growth at 93 °C is abolished, but some growth can be restored
by provision of 1 mM N4-bis(aminopropyl)spermidine (41).
These findings establish the essential role of branched poly-
amines in high-temperature growth of T. kodakarensis. In vitro
biochemical studies indicate that both linear long-chain poly-
amines and branched polyamines induce structural changes to
DNA that are proposed to facilitate growth at extreme tem-
peratures (42, 43).

Absence of polyamines in halophilic archaea

In notable contrast to the exotic polyamine content of hyper-
thermophiles that, in addition to branched polyamines, can
contain long linear chain polyamines, such as caldohexam-
ine featuring five aminopropyl group additions (12), halo-
philic archaea contain only agmatine. The genes encoding
the spermidine biosynthetic enzymes SAM decarboxylase
and spermidine synthase have been lost from halophiles.
Archaeal halophiles grow in up to 3 mM external NaCl by
using a salt-in strategy, accumulating in their cytosol milli-
molar quantities of KCl (44). An interesting question then is
whether polyamines have been lost from halophiles because
they are not capable of performing their usual functions in
high KCl or whether high KCl renders the noncovalent func-
tion of polyamines superfluous. Certainly, halophiles have
evolved to supply an aminobutyl group for deoxyhypusine
formation without the participation of spermidine or homo-
spermidine (26).

In conclusion, agmatine and agmatidine formation are
essential for growth in most but not all archaea, and agmatine is
required for spermidine biosynthesis (Fig. 2). Agmatine or pos-
sibly putrescine is required for the essential deoxyhypusine
modification of aIF5A in halophiles. Spermidine or homosper-
midine are essential in most archaea except halophiles for
deoxyhypusine formation. Finally, long-chain and branched-
chain polyamines are essential for growth at very high temper-
atures. Whether spermidine has a noncovalent role in archaeal
physiology is not known, and due to its role in deoxyhypusine
formation and long- and branched-polyamine biosynthesis, it
will be technically and conceptually challenging to address this
question. It also remains to be proven that the role of deoxyhy-
pusinated aIF5A in archaea is the same as that of hypusinated
eIF5A in eukaryotes.
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Bacteria

Most of the known phylogenetic diversity of life is found in
the bacterial domain, and that diversity has significantly
expanded recently with the identification of multiple new can-
didate phyla using culture-independent metagenomic sequenc-
ing and single-cell sequencing (8). In addition to the 30 or so
traditional phyla, such as Cyanobacteria, Proteobacteria, and
Firmicutes, 134 new putative phyla have been identified (8).
However, polyamine metabolism and potential function have
been analyzed in only a few bacterial species, most extensively
in Escherichia coli and Thermus thermophilus. The identifica-
tion of polyamines has by definition been limited to culturable
species, which represent a very small fraction of total bacteria
(45). Much of the analysis of polyamine distribution in bacteria
has been performed by the indefatigable Koei Hamana and co-
workers (46, 47). Putrescine and spermidine are the most com-
mon polyamines in bacteria (48), but the presence of other
polyamines has poor correlation with bacterial lifestyles, such
as psychrophily, halophily, acidophily, or alkaliphily, except for
thermophily, where a strong correlation exists with the pres-
ence of long-chain and branched polyamines (47). Some bacte-
ria do not produce polyamines, and one of the earliest identified
examples of polyamine auxotrophy was found in the firmicute
opportunistic pathogen Staphylococcus aureus (49).

Covalent roles

Unlike the roles of agmatine and spermidine in covalently
modifying translation factor aIF5A and tRNAIle in archaea, the
equivalent modification of the bacterial aIF5A orthologue EF-P
uses distinct mechanisms, resulting in �-lysine, 5-aminopenta-
nol, or L-rhamnose modifications to EF-P (50), and tRNAIle is
modified by lysine (34). A limited number of cases of poly-
amines being used covalently have been identified. The diamine
cadaverine (Fig. 1) was found to be covalently attached to the
cell wall peptidoglycan of the Negativicutes species Selenomo-
nas ruminantium (51). Inhibition of the cadaverine-producing
enzyme lysine decarboxylase by the specific inhibitor DL-�-dif-
luoromethyllysine prevented cadaverine accumulation and
incorporation into peptidoglycan, resulting in cell swelling and
severe inhibition of cell growth (52). Cadaverine and spermi-
dine were found to be covalently linked to the cell wall pepti-
doglycan in the related species Anaerovibrio lipolytica (53), and
agmatine, putrescine, and cadaverine were found covalently
linked to peptidoglycan in other Selenomonas species and
related species (54). It was presumed that incorporation of
polyamines into peptidoglycan increased the rigidity of cell
walls, thereby contributing to their essential role in growth.
However, the definitive proof of that role would require
mutants that accumulate polyamines normally but that cannot
covalently link the polyamines to peptidoglycan. There has
been no systematic attempt to identify polyamines covalently
linked to cellular proteins in bacteria where polyamines are
known to be essential for growth.

Roles in cell growth

With growth being the most obvious readout for physiolog-
ical importance, it was noted nearly 70 years ago that putres-
cine, spermidine, spermine, and agmatine, but not cadaverine

or ornithine, promoted the growth of opportunistic pathogen
�-proteobacterium Haemophilus influenzae (55). Norspermi-
dine was subsequently shown to be more effective than spermi-
dine or homospermidine, and the simple diamine 1,3-diamino-
propane also allowed growth (56). Similarly, it was shown that
the nonpathogenic �-proteobacterium Neisseria flava has an
absolute growth requirement for exogenous putrescine (57).
The most commonly used model bacterium for studying poly-
amine metabolism is �-proteobacterium E. coli, and it has
served as the primary template for understanding polyamine
metabolism in other bacteria (2). It is generally thought that
spermidine is the most important polyamine in archaea and
eukaryotes due to its role in deoxyhypusine/hypusine forma-
tion and in bacteria due to its ubiquitous distribution (48).
When Celia and Herb Tabor obtained a Mu transposon–
disrupted SAM decarboxylase mutant strain of E. coli that was
completely deficient in spermidine, the strain still grew at 75%
of the WT rate (58). Disruption of all E. coli polyamine biosyn-
thesis, including putrescine and cadaverine, reduced aerobic
planktonic growth by 40 –50% (59, 60). However, the poly-
amine-deficient strain exhibited an absolute requirement for
spermidine for growth under strictly anaerobic conditions. The
fact that a spermidine-deficient strain of E. coli could still grow
at 75% of the WT rate under aerobic conditions suggests that
there is not a specific requirement for spermidine per se in
E. coli growth. Both homospermidine and aminopropylcadav-
erine could replace the role of spermidine in E. coli growth,
albeit less efficiently (60). Recently, it was found that norsper-
midine is more efficient at replacing spermidine for growth at
37 °C but that homospermidine is the most efficient triamine at
42 °C (61). These findings indicate that the exact structure,
number of methylene groups, and symmetry of the triamine are
not critical for function during growth of E. coli, suggesting that
the general physicochemical attributes (i.e. distributed positive
charges over a flexible backbone) are more important.

In contrast to the important but not critical role of poly-
amines in planktonic growth of E. coli, polyamine biosynthesis
is absolutely essential for growth of opportunistic pathogen
�-proteobacterium Pseudomonas aeruginosa PAO1 (62), food-
borne pathogen �-proteobacterium Campylobacter jejuni (63),
plant pathogen �-proteobacterium Agrobacterium tumefaciens
C58 (64), and plant pathogen �-proteobacterium Ralstonia
solanacearum (65). Whereas P. aeruginosa, C. jejuni, and
A. tumefaciens synthesize spermidine, R. solanacearum pro-
duces only putrescine and 2-hydroxyputrescine (66) (Fig. 1).
The Lyme disease agent spirochete Borrelia burgdorferi has lost
its polyamine biosynthetic pathway, but genetic abrogation of
its PotABCD polyamine uptake transporter abolishes growth in
polyamine-free medium (67). Nitrogen-fixing filamentous cya-
nobacterium Anabaena sp. strain 7120 normally accumulates
only homospermidine, and genetic elimination of homosper-
midine biosynthesis abolished diazotrophic (nitrogen-fixing)
growth in liquid culture (30). Extreme thermophiles, such as
T. thermophilus, like archaeal thermophiles, accumulate a vari-
ety of long-chain and branched polyamines (reviewed by
Oshima (68)). Depletion of long-chain and branched poly-
amines by deletion of the aminopropylagmatinase gene (speB)
resulted in a severe growth defect at 78 °C but not at 75 °C (69).
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The long-chain and branched polyamines of T. thermophilus
were found to be necessary for the maintenance of the ribo-
some, tRNAHis, and tRNATyr structural integrity during growth
at high temperatures (70).

In other species investigated, polyamine depletion reduces
growth, but nevertheless, polyamines are not essential. A poly-
amine auxotrophic strain of the bubonic plague agent �-
protebacterium Yersinia pestis, lacking both putrescine and
spermidine, grew at 65% of the WT rate (71). Similarly, a sper-

midine-deficient mutant strain of the food-borne pathogen
�-proteobacterium Salmonella enterica serovar Typhimurium
grew at 60% of the WT rate (72). Cholera agent �-proteobacte-
rium Vibrio cholerae accumulates norspermidine rather than
spermidine, and a norspermidine auxotrophic mutant strain
grew at 40 –50% of the WT rate (73). The nitrogen-fixing
�-proteobacterium Sinorhizobium meliloti accumulates put-
rescine, spermidine, and homospermidine, and a polyamine
auxotrophic mutant strain grew at 60% of the WT rate (74).
Outside of the Proteobacteria, a polyamine auxotrophic mutant
strain of the commensal gut bacterium Bacteroides dorei exhib-
ited a severe growth defect (75), and growth was �50% of WT
in a polyamine auxotrophic mutant strain of the key gut
microbe Bacteroides thetaiotaomicron (76). In stark contrast to
the examples discussed above, polyamine-deficient mutant
strains of the firmicute species Bacillus subtilis and Streptococ-
cus pneumoniae, which normally produce spermidine, exhibit
no planktonic growth defect in the absence of spermidine (77,
78). Polyamine-dependent growth among different species is
listed in Fig. 3.

Roles in biofilm development and other surface behaviors

Biofilms (Fig. 4) are communities of bacterial cells sheathed
in a protective matrix of exopolysaccharides, proteins, and
DNA, and the biofilm matrix protects the encapsulated cells
against environmental insults (79, 80). The first indication that
polyamines affected biofilm development was the observation
that exogenous norspermidine stimulates biofilm formation of
V. cholerae via a norspermidine sensor (NspS) that is a homo-
logue of the spermidine transporter substrate-binding protein
PotD (81). It was subsequently shown that norspermidine bio-
synthesis is required for normal biofilm formation in V. chol-
erae (73). Exogenous spermidine was found to inhibit biofilm
formation, an effect dependent on the PotD protein (82),
whereas inhibition of V. cholerae biofilm formation by the tet-
raamine spermine is achieved via NspS (83). Biofilm formation
in Y. pestis is also dependent on polyamine biosynthesis, and
polyamines are required for expression of the matrix exopoly-
saccharide biosynthetic genes, although it is not clear whether
it is putrescine or spermidine that is the necessary polyamine

Spermidine essential for growth
Pseudomonas aeruginosa (�-Proteobacteria) (62)
Campylobacter jejuni (�-Proteobacteria) (63)
Agrobacterium tumefaciens (�-Proteobacteria) (64)
Borrelia burgdoferi (Spirochaetes) (67)

Spermidine required for normal aerobic growth
Escherichia coli (�-Proteobacteria) (58,59)
Salmonella enterica sv. Typhimurium (�-Proteobacteria) (72)
Yersinia pestis (�-Proteobacteria) (71)
Sinorhizobium meliloti (�-Proteobacteria) (74)
Bacteroides dorei (Bacteroidetes) (75)
Bacteroides thetaiotaomicron (Bacteroidetes) (76)
Norspermidine required for normal aerobic growth
Vibrio cholerae (�-Proteobacteria) (73)

Homospermidine required for normal aerobic growth
Anabaena sp. strain 7120 (Cyanobacteria) (30)

Homospermidine essential for nitrogen-fixing growth
Anabaena sp. strain 7120 (Cyanobacteria) (30)

Putrescine essential for growth
Ralstonia solanacearum (�-Proteobacteria) (65)

Long-chain and branched polyamines essential 
for growth above 78C
Thermus thermophilus (Deinococcus-Thermus) (69)

Polyamines dispensable for growth
Bacillus subtilis (Firmicutes) (77)
Streptococcus pneumoniae (Firmicutes) (78)

Spermidine essential for anaerobic growth
Escherichia coli (�-Proteobacteria) (59)

Spermidine required for normal autolysis
Streptococcus pneumoniae (Firmicutes) (78)

Norspermidine required for/stimulates biofilm formation
Vibrio cholerae (�-Proteobacteria) (73,81)
Spermidine required for biofilm formation
Bacillus subtilis (Firmicutes) (77,85)
Yersinia pestis (�-Proteobacteria) (71)
Spermidine biosynthesis inhibits biofilm formation
Agrobacterium tumefaciens (�-Proteobacteria) (88)
Synechocystis sp. strain PCC 6803 (Cyanobacteria) (89)

Acid-inducible-type ornithine decarboxylase 
inhibits biofilm formation
Shewanella oneidensis (�-Proteobacteria) (87)
Putrescine required for swarming
Proteus mirabilis (�-Proteobacteria) (90)

Spermidine required for swarming
Escherichia coli (�-Proteobacteria) (91)

1,3-diaminopropane required for surface-associated mobility
Acinetobacter baumannii (�-Proteobacteria) (92)

Figure 3. Polyamine-dependent growth and surfaces behaviors among
different bacterial species. Only cases where genetic mutations have been
used to confirm polyamine dependence are listed. The host phylum is indi-
cated in parentheses followed by the relevant reference.

Figure 4. Polyamine dependence of biofilm formation in B. subtilis. WT,
B. subtilis NCIB3610; �speA, deletion mutant of arginine decarboxylase; Spd,
spermidine; Nspd, norspermidine. Complex colony biofilms were grown on
solid MSgg medium. Adapted from Hobley et al. (86).
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(71, 84). Spermidine biosynthesis is required for robust colony
and pellicle biofilm formation in B. subtilis (77) (Fig. 4). Exoge-
nous norspermidine is twice as effective as spermidine in pro-
moting B. subtilis biofilm formation, but homospermidine is
completely ineffective (85). The effect of spermidine on biofilm
formation is mediated by activation of the matrix regulator
SlrR, although it is likely that the actual target of spermidine is
upstream of SlrR (86). In contrast to the stimulatory role of
polyamines in biofilm development in some species, in others,
depletion of polyamines stimulates biofilm formation. A
mutant of the acid-inducible-type ornithine decarboxylase in
�-proteobacterium Shewanella oneidensis increased biofilm
formation, although it is not known in this case whether endog-
enous polyamine levels were decreased (87). A partially spermi-
dine-depleted biosynthetic ornithine decarboxylase mutant
strain of A. tumefaciens exhibited increased cellulose produc-
tion and biofilm formation, even though planktonic growth
was inhibited (88). However, complete spermidine depletion
resulted in growth arrest (64). A spermidine-depleted mutant
strain of cyanobacterium Synechocystis sp. strain PCC 6803 also
exhibited increased biofilm formation (89). Polyamine-depen-
dent biofilm development among different species is listed in
Fig. 3.

Another surface behavior of bacteria is the coordinated mul-
ticellular migration known as swarming, by which a population
of cells can move across surfaces. Putrescine was found to be a
self-produced extracellular signal for swarming and was neces-
sary for effective migration across agar surfaces, in the �-pro-
teobacterial common urinary tract pathogen Proteus mirabilis
(90). Spermidine rather than putrescine was found to be impor-
tant for swarming behavior of E. coli (91). Surface-associated
motility of the nosocomial �-proteobacterial pathogen Acineto-
bacter baumannii was found to depend on biosynthesis of 1,3-
diaminopropane, a relatively rare polyamine (92). It is perhaps

salient that A. baumannii also uses 1,3-diaminopropane and its
biosynthetic precursor 2,4-diaminobutyrate in the synthesis of
the iron-scavenging siderophores baumannoferrin A and B
(93). Polyamine-dependent surface behaviors among different
species are listed in Fig. 3.

Polyamine-based siderophores

Due to their distributed positive charges and flexible back-
bone, polyamines are often incorporated into natural products,
especially iron-scavenging siderophores. They are usually
employed as a structural chassis onto which are incorporated
hydroxamate groups (94) or independently functional groups,
such as catecholate ligands and polycarboxylate groups (2). The
spermidine-based dicatecholate siderophore petrobactin (Fig.
5) produced by the anthrax agent Bacillus anthracis is a stealth
siderophore that avoids sequestration by the human innate
immunity protein siderocalin (95). A homospermidine-based
petrobactin-related siderophore rhodopetrobactin (Fig. 5) is
produced by the metabolically flexible environmental �-pro-
teobacterium Rhodopseudomonas palustris (96). The tricat-
echolate siderophore agrobactin (Fig. 5) uses a spermidine scaf-
fold and is synthesized by the plant pathogen A. tumefaciens
(97), whereas a norspermidine-based tricatcholate siderophore
vibriobactin (Fig. 5) is produced by V. cholerae (98). An exten-
sive review of polyamine-containing siderophores and other
natural products is not possible in this minireview, but it is
worth mentioning the analytical chemical and biochemical tour
de force by Codd et al. (99, 100) that revealed the biosynthetic
sequence of the linear and cyclic diamine-based desferrioxam-
ine-type siderophores.

Conclusions

The polyamine spermidine is probably as old as cellular life,
but we know very little about its molecular function in bacteria.

O

HO

HO
H
N N

H
N
H

HO

O

O

OH

O

O

HO

HO
H
N N

H
NH

O

HO

HO
H

N
H

N
H

HO

O

O

OH

O

NH

N

O

HO

HO
H

NN

O

O

N O

HN N
H

NH
O

OH
OH

O

OH
OH

O

OH
OH

HN N
H

N

O

OH
OH

H
O

O

O

OH
OH

N

O

N O

O

OH
OH

Petrobactin

Rhodopetrobactin A

Agrobactin

Vibriobactin
Figure 5. Structures of polyamine-based catecholate siderophores. Petrobactin, spermidine; Rhodopetrobactin A, homospermidine; Agrobactin, spermi-
dine; Vibriobactin, norspermidine.

THEMATIC MINIREVIEW: Polyamine function in archaea and bacteria

18698 J. Biol. Chem. (2018) 293(48) 18693–18701



What we do know about the role of spermidine in bacterial
physiology comes from a very limited part of the bacterial tree
of life, and even fewer studies of the role of homospermidine
have been made. Although it is assumed that homospermidine
is simply a replacement for spermidine, some bacteria produce
both, indicating different functions in those species. Diamines
are likely to have functions independent of their roles as pre-
cursors of triamines, because many bacteria produce only
diamines. Within the archaea, with the exception of the role of
long-chain and branched polyamines in growth of hyperther-
mophiles, the function of polyamines was not discovered inten-
tionally. The role of spermidine in deoxyhypusine modification
of aIF5A was inferred from the similarity of aIF5A and eIF5A,
and the role of agmatine in modification of tRNAIle was discov-
ered tangentially when it was realized that, unlike bacteria,
lysine was not the archaeal modification of tRNAIle. There
remains a considerable challenge to understand polyamine
function in archaea and bacteria, and especially in bacteria
requiring a greater sampling of phylogenetic diversity because
published studies have focused mainly on Proteobacteria and
Firmicutes and mainly on pathogens rather than environmen-
tal bacteria. If it is determined that polyamines are not involved
in covalent modifications in bacteria, larger-scale approaches
are required, combining omics, genetics, and fresh thinking.
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C. M., Blum, P., Limbach, P. A., Söll, D., and RajBhandary, U. L. (2010)
Agmatidine, a modified cytidine in the anticodon of archaeal tRNA(Ile),
base pairs with adenosine but not with guanosine. Proc. Natl. Acad. Sci.
U.S.A. 107, 2872–2877 CrossRef Medline

32. Ikeuchi, Y., Kimura, S., Numata, T., Nakamura, D., Yokogawa, T., Ogata,
T., Wada, T., Suzuki, T., and Suzuki, T. (2010) Agmatine-conjugated
cytidine in a tRNA anticodon is essential for AUA decoding in archaea.
Nat. Chem. Biol. 6, 277–282 CrossRef Medline

33. Blaby, I. K., Phillips, G., Blaby-Haas, C. E., Gulig, K. S., El Yacoubi, B., and
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Hunfeld, K. P., Borgmann, S., Gröbner, S., Higgins, P. G., Seifert, H., et al.
(2012) Surface-associated motility, a common trait of clinical isolates of
Acinetobacter baumannii, depends on 1,3-diaminopropane. Int. J. Med.
Microbiol. 302, 117–128 CrossRef Medline

93. Penwell, W. F., DeGrace, N., Tentarelli, S., Gauthier, L., Gilbert, C. M.,
Arivett, B. A., Miller, A. A., Durand-Reville, T. F., Joubran, C., and Actis,
L. A. (2015) Discovery and characterization of new hydroxamate sidero-
phores, baumannoferrin A and B, produced by Acinetobacter bauman-
nii. Chembiochem 16, 1896 –1904 CrossRef Medline

94. Burrell, M., Hanfrey, C. C., Kinch, L. N., Elliott, K. A., and Michael, A. J.
(2012) Evolution of a novel lysine decarboxylase in siderophore biosyn-
thesis. Mol. Microbiol. 86, 485– 499 CrossRef Medline

95. Abergel, R. J., Wilson, M. K., Arceneaux, J. E., Hoette, T. M., Strong, R. K.,
Byers, B. R., and Raymond, K. N. (2006) Anthrax pathogen evades the
mammalian immune system through stealth siderophore production.
Proc. Natl. Acad. Sci. U.S.A. 103, 18499 –18503 CrossRef Medline

96. Baars, O., Morel, F. M. M., and Zhang, X. (2018) The purple non-sulfur
bacterium Rhodopseudomonas palustris produces novel petrobactin-re-
lated siderophores under aerobic and anaerobic conditions. Environ. Mi-
crobiol. 20, 1667–1676 CrossRef Medline

97. Ong, S. A., Peterson, T., and Neilands, J. B. (1979) Agrobactin, a sidero-
phore from Agrobacterium tumefaciens. J. Biol. Chem. 254, 1860 –1865
Medline

98. Griffiths, G. L., Sigel, S. P., Payne, S. M., and Neilands, J. B. (1984) Vibrio-
bactin, a siderophore from Vibrio cholerae. J. Biol. Chem. 259, 383–385
Medline

99. Codd, R., Richardson-Sanchez, T., Telfer, T. J., and Gotsbacher, M. P.
(2018) Advances in the chemical biology of desferrioxamine B. ACS
Chem. Biol. 13, 11–25 CrossRef Medline

100. Codd, R., Soe, C. Z., Pakchung, A. A. H., Sresutharsan, A., Brown, C. J. M.,
and Tieu, W. (2018) The chemical biology and coordination chemistry of
putrebactin, avaroferrin, bisucaberin, and alcaligin. J. Biol. Inorg. Chem.
10.1007/s00775-018-1585-1 CrossRef Medline

THEMATIC MINIREVIEW: Polyamine function in archaea and bacteria

J. Biol. Chem. (2018) 293(48) 18693–18701 18701

http://dx.doi.org/10.1111/mmi.13940
http://www.ncbi.nlm.nih.gov/pubmed/29476656
http://dx.doi.org/10.1016/j.plaphy.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20417109
http://dx.doi.org/10.1074/jbc.M413332200
http://www.ncbi.nlm.nih.gov/pubmed/15983049
http://dx.doi.org/10.1111/gtc.12502
http://www.ncbi.nlm.nih.gov/pubmed/28544195
http://dx.doi.org/10.1128/JB.188.7.2355-2363.2006
http://www.ncbi.nlm.nih.gov/pubmed/16547021
http://dx.doi.org/10.1111/j.1365-2958.2011.07757.x
http://www.ncbi.nlm.nih.gov/pubmed/21762220
http://dx.doi.org/10.1074/jbc.M900110200
http://www.ncbi.nlm.nih.gov/pubmed/19196710
http://dx.doi.org/10.1099/mic.0.000615
http://www.ncbi.nlm.nih.gov/pubmed/29619919
http://dx.doi.org/10.1093/femsle/fny003
http://www.ncbi.nlm.nih.gov/pubmed/29319802
http://dx.doi.org/10.1007/s00726-016-2233-0
http://www.ncbi.nlm.nih.gov/pubmed/27118128
http://dx.doi.org/10.1074/jbc.M110.163154
http://www.ncbi.nlm.nih.gov/pubmed/20876533
http://dx.doi.org/10.1128/JB.01981-14
http://www.ncbi.nlm.nih.gov/pubmed/25092031
http://dx.doi.org/10.1146/annurev.mi.49.100195.003431
http://www.ncbi.nlm.nih.gov/pubmed/8561477
http://dx.doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145
http://dx.doi.org/10.1128/JB.187.21.7434-7443.2005
http://www.ncbi.nlm.nih.gov/pubmed/16237027
http://dx.doi.org/10.1111/j.1574-6968.2009.01744.x
http://www.ncbi.nlm.nih.gov/pubmed/19694812
http://dx.doi.org/10.1074/jbc.M117.801068
http://www.ncbi.nlm.nih.gov/pubmed/28827313
http://dx.doi.org/10.1111/j.1462-2920.2010.02219.x
http://www.ncbi.nlm.nih.gov/pubmed/20406298
http://dx.doi.org/10.1016/j.cell.2014.01.012
http://www.ncbi.nlm.nih.gov/pubmed/24529384
http://dx.doi.org/10.1074/jbc.M117.789644
http://www.ncbi.nlm.nih.gov/pubmed/28546427
http://dx.doi.org/10.1128/AEM.03461-13
http://www.ncbi.nlm.nih.gov/pubmed/24362428
http://dx.doi.org/10.1128/JB.00265-16
http://www.ncbi.nlm.nih.gov/pubmed/27402627
http://www.ncbi.nlm.nih.gov/pubmed/29440257
http://dx.doi.org/10.1046/j.1365-2958.2003.03835.x
http://www.ncbi.nlm.nih.gov/pubmed/14756784
http://dx.doi.org/10.1111/j.1574-6968.2009.01552.x
http://www.ncbi.nlm.nih.gov/pubmed/19493013
http://dx.doi.org/10.1016/j.ijmm.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22560766
http://dx.doi.org/10.1002/cbic.201500147
http://www.ncbi.nlm.nih.gov/pubmed/26235845
http://dx.doi.org/10.1111/j.1365-2958.2012.08208.x
http://www.ncbi.nlm.nih.gov/pubmed/22906379
http://dx.doi.org/10.1073/pnas.0607055103
http://www.ncbi.nlm.nih.gov/pubmed/17132740
http://dx.doi.org/10.1111/1462-2920.14078
http://www.ncbi.nlm.nih.gov/pubmed/29473283
http://www.ncbi.nlm.nih.gov/pubmed/33987
http://www.ncbi.nlm.nih.gov/pubmed/6706943
http://dx.doi.org/10.1021/acschembio.7b00851
http://www.ncbi.nlm.nih.gov/pubmed/29182270
http://dx.doi.org/10.1007/s00775-018-1585-1
http://www.ncbi.nlm.nih.gov/pubmed/29946977


Effects of polyamines on protein synthesis and growth of
Escherichia coli
Published, Papers in Press, August 14, 2018, DOI 10.1074/jbc.TM118.003465

Kazuei Igarashi‡1 and Keiko Kashiwagi§

From the ‡Amine Pharma Research Institute, Innovation Plaza at Chiba University, 1-8-15, Chuo-ku, Chiba, Chiba 260-0856 and
the §Faculty of Pharmacy, Chiba Institute of Science, 15-8, Shiomi-cho, Choshi, Chiba 280-0025, Japan

Edited by F. Peter Guengerich

The polyamines (PA) putrescine, spermidine, and spermine
have numerous roles in the growth of both prokaryotic and
eukaryotic cells. For example, it is well known that putrescine
and spermidine are strongly involved in proliferation and viabil-
ity of Escherichia coli cells. Studies of polyamine functions and
distributions in E. coli cells have revealed that polyamines
mainly exist as an RNA–polyamine complex. Polyamines stim-
ulate the assembly of 30S ribosomal subunits and thereby
increase general protein synthesis 1.5- to 2.0-fold. Moreover,
these studies have shown that polyamines stimulate synthesis of
20 different proteins at the level of translation, which are
strongly involved in cell growth and viability. The genes encod-
ing these 20 different proteins were termed as the “polyamine
modulon.” We here review the mechanism of activation of 30S
ribosomal subunits and stimulation of specific proteins. Other
functions of polyamines in E. coli are also described.

The polyamines, consisting of putrescine (NH2(CH2)4NH2),
spermidine (NH2(CH2)3NH(CH2)4NH2), and spermine
(NH2(CH2)3NH(CH2)4NH(CH2)3NH2), have been implicated
in numerous growth processes in Escherichia coli and mamma-
lian cells (1–6). E. coli is useful for studying the functions of
polyamines, because various mutants are available, and cloning
of genes is relatively easy. Polyamine content in E. coli consist-
ing of putrescine and spermidine is adjusted by biosynthesis (7,
8), uptake (9), and excretion (9). Dr. Tabor’s lab isolated a poly-
amine-deficient E. coli mutant HT283, in which the rate of cell
growth is about 30% that of cells cultured with polyamine addi-
tion (7, 10). They reported that polyamines are involved in
some aspects of protein synthesis (7, 10) and that polyamines
are necessary for efficient translation of amber codons in cells
containing bacteriophage T7 carrying an amber mutation in
gene 1 (11). Our group also studied the effect of polyamines on
protein synthesis in a cell-free system or using a polyamine-
requiring mutant MA261 (speB, agmatine ureohydrolase, and

speC, ornithine decarboxylase-deficient mutant) (8), and the
results are summarized below.

Effect of polyamines on protein synthesis in E. coli cell-
free systems and on the assembly of ribosomal subunits

The effects of polyamines were studied using polyamine-free
dialyzed ribosomes and Sephadex G-50 –treated supernatant at
various Mg2� concentrations (12). As shown in Fig. 1A, addi-
tion of 2– 4 mM spermidine or 15–25 mM putrescine with var-
ious concentrations of Mg2� increased poly(U)-directed poly-
phenylalanine synthesis up to twice that synthesized at an
optimal Mg2� concentration (13 mM) in the absence of poly-
amines. Spermine exists together with putrescine and spermi-
dine in mammalian cells (13). The effective concentration of
spermine for stimulation of protein synthesis was approxi-
mately one-fifth that of spermidine (14). Thus, the effects of
polyamines on protein synthesis have a rank order of potency
spermine � spermidine � putrescine. These results show that
polyamines not only have a sparing effect on the Mg2� require-
ment for polyphenylalanine synthesis but also a stimulatory
effect, which cannot be fulfilled by Mg2� in the absence of poly-
amines. Then, the degree of stimulation of polypeptide synthe-
sis by spermidine was examined using various synthetic
mRNAs, and it was found that stimulation of polypeptide syn-
thesis by spermidine depends on the uracil content in mRNAs
(15). Polyphenylalanine synthesis was also stimulated when
[14C]Phe-tRNA was used instead of [14C]Phe, indicating that
stimulation by polyamines is based on stimulation at the level of
ribosomal polypeptide synthesis. Next, the effect of polyamines
on Q� RNA-directed synthesis of proteins was tested. It was
found that only Q� RNA-directed RNA replicase synthesis was
stimulated by polyamines (16). In the case of T7-DNA–
directed protein synthesis, synthesis of T7 RNA polymerase
and the 42-kDa protein, but not the 13.5-kDa protein, were
stimulated by spermidine mainly at the level of translation (17).
The results confirm that specific types of protein synthesis are
stimulated by polyamines.

It also became clear that the assembly of 30S ribosomal sub-
units in E. coli was stimulated by polyamines (18, 19). Stimula-
tion of the assembly of 30S ribosomal subunits, consisting of
16S rRNA and 21 ribosomal proteins (S1 to S21), by polyamines
occurred by polyamine stimulation of enzymatic methylation
of two adjacent adenine residues near the 3�-end of 16S rRNA
(Fig. 1B) (20). Translation efficiency increased 1.5- to 2.0-fold
due to stimulation of the assembly of the 30S ribosomal subunit
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by polyamines. These results support the idea that polyamines
function at the level of translation through their interaction
with RNA.

Polyamine distribution in E. coli

To confirm that polyamines also function at the level of
translation in vivo, polyamine distribution in E. coli was esti-
mated by measuring the binding constants of polyamines for
the target molecules and the concentration of the target mole-
cules in E. coli W3110 harvested at logarithmic phase (21).
Intracellular water space of E. coli was estimated to be 2.9 �l of
cell volume/mg of protein (22). As shown in Fig. 2A, the total
spermidine and putrescine concentrations in E. coli were 6.88
and 32 mM, respectively, each mainly existing as a polyamine–
RNA complex, supporting the idea that major polyamines func-
tion at the level of translation. It has been reported that the
yeast tRNAPhe crystal structure includes two molecules of
spermine (23), which is close to our estimation for polyamine
binding to RNA (24).

Polyamine stimulation of synthesis of specific proteins
at the level of translation in E. coli

It has been examined as to what kinds of protein synthesis are
stimulated by polyamines using a polyamine-requiring mutant

of E. coli MA261 (8). Cell growth of E. coli MA261 slows down
in the absence of polyamines. When putrescine is added to the
culture medium, it is taken up into the cells by polyamine trans-
porters consisting of PotA–D proteins (spermidine-preferen-
tial uptake system) and PotF–I proteins (putrescine-specific
uptake system) (9), and spermidine is synthesized from putres-
cine. Accordingly, cell growth of E. coli MA261 was stimulated
�3-fold by the addition of putrescine (0.6 mM) to the medium.

A set of genes whose expression is enhanced by polyamines at
the level of translation was classified as a “polyamine modulon”
(25, 26). In E. coli, we have thus far identified 20 kinds of genes
as components of the polyamine modulon (5, 27). There are
several mechanisms underlying polyamine stimulation of the
synthesis of various members of the polyamine modulon (Fig.
2B). First, polyamine stimulation of protein synthesis can occur
when a Shine-Dalgarno (SD)2 sequence (28) in the mRNA is
obscure or is distant from the initiation codon AUG. Polyamines
cause structural changes of a region of the SD sequence and the
initiation codon AUG facilitating formation of the initiation com-
plex. This is the case for oppA, fecI (�18), fis, rpoN (�54), hns, rpoE
(�24), stpA, emrR, rmf, rpoZ (�), cpxR, and soxR. Proteins anno-

2 The abbreviations used are: SD, Shine-Dalgarno; RMF, ribosome modulation
factor; RRF, ribosome recycling factor.
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Figure 1. Effect of polyamines on polypeptide synthesis in cell-free systems (A) and stimulation of the assembly of 30S ribosomal subunits (B). A,
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tated in red in Fig. 2B are involved in cell growth during the loga-
rithmic phase, and those shown in blue are involved in cell viability
at the stationary phase. In a second mechanism, polyamines
enhance the inefficient initiation codon UUG- or GUG-depen-
dent fMet-tRNA binding to cya, cra, spoT, uvrY, frr (RRF), or gshA

mRNA–ribosome complex. In a third mechanism, polyamines
stimulate read-through of the amber codon UAG by Gln-
tRNASupE on ribosome-associated rpoS mRNA or stimulate a
�1 frameshifting at the 26th UGA codon of prfB mRNA encod-
ing RF2 (translation releasing factor 2).
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Figure 2. Polyamine distribution in E. coli (A), three mechanisms of polyamine stimulation of protein synthesis (B), and role of the polyamine
modulon on cell growth and viability (C). A, polyamine distribution was estimated as described previously (21). B, proteins encoded by the polyamine
modulon shown in red are involved in cell growth, and those in blue are involved in cell viability.
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Because the synthesis of many transcription factors was
stimulated by polyamines, transcription profiles of the logarith-
mic phase culture of E. coli MA261 with or without putrescine
were determined by a two-color (Cy3 and Cy5) cDNA microar-
ray analysis (29, 30). Expression of 2,742 genes was detected in
cells cultured with or without putrescine. Among these, 309
genes were up-regulated more than 2-fold by polyamines (Fig.
2C). In 309 up-regulated genes, 240 kinds of mRNA were under
the control of nine transcription factors mainly existing in log-
arithmic phase and two transcription factors mainly existing in
stationary phase (see Fig. 4) (25).

Molecular mechanism of polyamine stimulation of EmrR,
SoxR, and GshA synthesis

Under oxidative stress conditions caused by 0.6 �M K2TeO3,
an inducer of oxidative stress (31, 32), synthesis of SoxR, EmrR,
GshA, and RpoS was stimulated by polyamines (27). Because
RpoS has been already identified as a polyamine modulon pro-
tein through polyamine stimulation of suppression of an amber
termination codon in the ORF (33), the mechanism of poly-
amine stimulation of EmrR, SoxR, and GshA was studied by

measuring protein and mRNA levels by Western blotting (34)
and dot blotting (35), respectively. As shown in Fig. 3, stimula-
tion of the synthesis of EmrR and GshA proteins occurred at the
level of translation. The nucleotide sequence of emrR and gshA
mRNAs was then determined. The SD sequence of emrR
mRNA was 11 nucleotides upstream of the initiation codon
AUG, whereas the initiation codon of gshA mRNA was UUG
instead AUG. When the position of the SD sequence of emrR
mRNA was shifted to a normal position (8 nucleotides
upstream of the initiation codon AUG), the synthesis of an
EmrR–�-gal fusion protein measured in the absence of poly-
amines increased, and the degree of polyamine stimulation was
reduced (Fig. 3A). In soxR mRNA, the SD sequence is also dis-
tant from the initiation codon AUG. So, SoxR synthesis was
stimulated by polyamines. Stimulation of EmrR and SoxR syn-
theses by polyamines was due to a selective structural change of
the bulged-out region of dsRNA in the initiation region of
mRNA by spermidine, similar to stimulation of OppA synthesis
by polyamines (36, 37). When the initiation codon UUG of gshA
mRNA was changed to AUG, synthesis of GshA–�-gal fusion
protein in the absence of polyamines increased, and the degree

Figure 3. Mechanism of polyamine stimulation of EmrR (A) and GshA (B) synthesis. E. coli MA261 was cultured in the presence of 0.6 �M K2TeO3, with or
without 0.6 mM putrescine, and harvested at A540 � 0.3, for 24 and 36 h. Protein and mRNA levels of EmrR and GshA were measured (panels a and b). Wild
and mutated mRNAs of emrR and gshA fused to lacZ were constructed, and the effect of polyamines on the synthesis of fusion proteins was examined
(panels c and d). *, p � 0.05; **, p � 0.01.
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of polyamine stimulation was reduced (Fig. 3B). These results
indicate that EmrR and SoxR syntheses are enhanced by poly-
amines due to the unusual position of the SD sequence and that
GshA synthesis is due to the presence of the inefficient initia-
tion codon UUG instead of AUG. The results indicate that poly-
amines stimulate protein synthesis encoded by inefficient
mRNAs.

Role of polyamines at various cell growth conditions

Members of the polyamine modulon were classified accord-
ing to the growth conditions (Fig. 4). At the logarithmic phase,
10 members of the polyamine modulon were identified as tran-
scriptional and translational factors. Another member of the
polyamine modulon is OppA, which is involved in the transport
of oligopeptides (38). Thus, polyamines greatly contribute to
cell growth at the logarithmic phase. At the stationary phase, six
kinds of protein synthesis were stimulated by polyamines. UvrY
and CpxR are response regulators in two-component signal-
transducing systems, which are involved in biofilm formation
(39, 40). SpoT and RpoZ are proteins involved in the function of
ppGpp, a stringent response factor, i.e. a regulating factor of
transcription (41, 42). RRF and ribosome modulation factor
(RMF) increased cell viability through adjusting protein synthe-
sis (39, 43). Under conditions of oxidative stress, synthesis of
two transcription factors (SoxR and EmrR) and a GSH synthetic
enzyme (GshA) was stimulated by polyamines (27). Because
SoxR is a transcription factor for expression of the superoxide
response regulon, it stimulated the transcription of the sodA
gene encoding a superoxide dismutase (Fig. 4C). Furthermore,
the level of glutathione (GSH) was increased through poly-

amine stimulation of the synthesis of EmrR and GshA (Fig. 4C).
GshA directly increases GSH synthesis. Stimulation of EmrR
synthesis probably causes the inhibition of the efflux of many
metabolites with small molecular weight, which includes GSH.
Thus, hydrogen peroxide is detoxified effectively by GSH per-
oxidase through the increase in GSH. It was also shown that
transcription of genes for katG and katE encoding catalases is
enhanced through polyamine stimulation of RpoS (�38) synthe-
sis (27). It has been reported that RpoS also induced the stimu-
lation of gadE (a regulator of GDAR (glutamate-dependent acid
resistance) system at acidic pH (44)), which is important for
survival under acidic conditions. The results confirm that poly-
amines strongly contribute to cell growth and viability of E. coli
under various conditions.

Factors involved in the decrease in toxicity of
spermidine accumulation

Although it is normally difficult for spermidine to overaccu-
mulate in E. coli due to the existence of spermidine acetyltrans-
ferase (45) as well as spermidine excretion protein complex
(MdtJI) (46), the mechanism of detoxification of excessive sper-
midine levels was studied (47). E. coli CAG2242 cells are defi-
cient in the speG gene encoding spermidine acetyltransferase
(48). When these cells were cultured in the presence of 0.5 to 4
mM spermidine, their viability was greatly decreased through
inhibition of protein synthesis by overaccumulation of spermi-
dine. When these CAG2242 cells were cultured with a high
concentration of spermidine (4 mM), a revertant strain was
obtained. We found that a 55-kDa protein, glycerol kinase, was
overexpressed in the revertant and that synthesis of RMF and
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Figure 4. Role of the polyamine modulon under various conditions. Twenty kinds of proteins encoded by polyamine modulon are shown in red and blue
as indicated in the legend of Fig. 2. Proteins encoded by polyamine modulon are involved at logarithmic phase (A), at stationary phase (B), and under oxidative
stress conditions (C). RpoS (�38) are indicated in both A and C. Proteins encoded by the polyamine modulon shown in red are involved in cell growth, and those
in blue are involved in cell viability.
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the RNA polymerase �38 subunit (RpoS), important factors for
cell viability, were increased in the revertant. Levels of L-glyc-
erol 3-phosphate were also increased in the revertant. Trans-
formation of glpFK, which encodes a glycerol diffusion facilita-
tor (glpF) and glycerol kinase (glpK), to E. coli CAG2242
partially prevented the cell death caused by accumulation of
spermidine. It was also found that L-glycerol 3-phosphate
inhibited spermidine binding to ribosomes and attenuated the
inhibition of protein synthesis caused by high concentrations of
spermidine. These results indicate that L-glycerol 3-phosphate
reduces the binding of excess amounts of spermidine to ribo-
somes so that protein synthesis is recovered.

Role of EF-P and eIF5A in protein synthesis

Eukaryotic initiation factor 5A (eIF5A) is the only protein
containing hypusine (N�-(4-amino-2-hydroxybutyl)-lysine)
derived from spermidine at Lys-50 in eukaryotic cells (49) and is
essential for cell growth through stimulation of protein synthe-
sis containing polyproline peptides (50). EF-P in E. coli is post-
translationally modified by a hydroxylated �-lysine attached to
Lys-34 and is essential for the synthesis of a subset of proteins
containing proline stretches (51). So, EF-P functions similarly
to eukaryotic eIF5A in E. coli, although spermidine is not
involved in the activation of EF-P.

Other functions of polyamines in E. coli

In addition to polyamine effects at the level of translation,
polyamines function in the following aspects.

1) Polyamines protect E. coli cells from the toxic effect of
oxygen, i.e. when E. coli cell growth was inhibited in the pres-
ence of 95% O2, 5% CO2, cell growth was recovered by the
addition of 0.1 mM putrescine, spermidine, or cadaverine (52).

2) Polyamines contribute to pH adjustment in cells by PotE
(putrescine-ornithine antiporter) and CadB (cadaverine-lysine
antiporter) when cells were cultured at acidic pH (53, 54).

3) Polyamines stabilize bacterial spheroplasts and proto-
plasts from osmotic shock (55).

4) Polyamines may stimulate B to Z conversion of DNA (56,
57), although the interaction between polyamines and DNA is
weak (see Fig. 2).

5) Polyamine content in E. coli is partially regulated by the
transporter systems (9), and spermidine uptake is catalyzed by
PotA–D proteins (58). Among the four proteins, PotD protein
is a substrate-binding protein existing in the periplasm. When
spermidine is present in excess in cells, the PotD precursor
protein binds to the transcriptional initiation site of the potA-
BCD operon, and the transcription of the operon was inhibited
(59). This contributes to maintenance of optimal spermidine
concentration in E. coli.

Conclusions

Based on the idea that “there is no function without interac-
tion with targeted molecules,” the physiological functions of
polyamines were studied at the level of RNA, because poly-
amines mainly exist as a polyamine–RNA complex. In E. coli,
we found that assembly of 30S ribosomal subunits is stimulated
by polyamines and that 20 kinds of protein syntheses encoded
by members of the polyamine modulon are stimulated by poly-

amines at the level of translation. These polyamine functions in
E. coli strongly contribute to the stimulation of cell growth and
the increase in cell viability by polyamines. The concept of the
“polyamine modulon” is applicable to eukaryotic cells (5, 60).
Other polyamine functions except protein synthesis were also
mentioned.
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The natural amino acid hypusine (N�-4-amino-2-hydroxybu-
tyl(lysine)) is derived from the polyamine spermidine, and
occurs only in a single family of cellular proteins, eukaryotic
translation factor 5A (eIF5A) isoforms. Hypusine is formed by
conjugation of the aminobutyl moiety of spermidine to a specific
lysine residue of this protein. The posttranslational synthesis
of hypusine involves two enzymatic steps, catalyzed by deoxyhy-
pusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH).
Hypusine is essential for eIF5A activity. Inactivation of either
the eIF5A or the DHPS gene is lethal in yeast and mouse, under-
scoring the vital role of eIF5A hypusination in eukaryotic cell
growth and animal development. The long and basic side chain
of the hypusine residue promotes eIF5A-mediated translation
elongation by facilitating peptide bond formation at polyproline
stretches and at many other ribosome-pausing sites. It also
enhances translation termination by stimulating peptide re-
lease. By promoting translation, the hypusine modification of
eIF5A provides a key link between polyamines and cell growth
regulation. eIF5A has been implicated in several human patho-
logical conditions. Recent genetic data suggest that eIF5A hap-
loinsufficiency or impaired deoxyhypusine synthase activity is
associated with neurodevelopmental disorders in humans.

The polyamines, putrescine, spermidine, and spermine, exist
as polycations under physiological environments and exert
numerous effects on nucleic acids, proteins, phospholipids, and
ion channels in living cells and organisms. They are vital for cell
proliferation and regulate cellular activities at the transcrip-
tional, translational, and posttranslational levels (for reviews,
see Refs. 1–4). Thus, the polyamine pathways are intimately
associated with cancer (5). In addition to their functions as
polycations, a small portion (�2%) of the polyamine spermi-
dine is metabolized to form an unusual amino acid, hypusine
(N�-4-amino-2-hydroxybutyl(lysine)), in a single family of
cellular proteins, eukaryotic initiation factor 5A isoforms2

(eIF5A)3 (6) (Fig. 1, A and B). Hypusine synthesis occurs post-
translationally in two enzymatic steps (7). First, deoxyhypusine
synthase (DHPS) catalyzes the cleavage of the spermidine and
transfer of the 4-aminobutyl moiety to the �-amino group of a
specific lysine residue of eIF5A precursor to form a deoxyhy-
pusine (N�-4-aminobutyl(lysine)) residue (eIF5A(Dhp)) (8, 9).
In the second step, this intermediate is hydroxylated by deoxy-
hypusine hydroxylase (DOHH) to form hypusine (10, 11) and
thus to complete eIF5A maturation. The synthesis of hypusine
exclusively in a single cellular protein represents one of the
most specific posttranslational modifications known to date.
Hypusine/deoxyhypusine is required for the activity of eIF5A
and thereby for eukaryotic cell proliferation (12–15).

Since the discovery of hypusine in 1971 (16), it has taken
many years to reach the current status of knowledge on the
hypusine-containing protein, eIF5A. In this review, we will dis-
cuss the history of hypusine research with emphasis on the
specificity and mechanism of the hypusine modification
enzymes, the role of eIF5A in cell growth and animal develop-
ment, and its mode of action in translation. EF-P (elongation
factor P), the bacterial ortholog of eIF5A, its modification by
�-lysylation (Fig. 1C), and its function will also be discussed
briefly, in light of the significant structural and functional sim-
ilarities to eIF5A (17–19).

Discovery of hypusine and the hypusine-containing
protein

Hypusine (N�-4-amino-2-hydroxybutyl(lysine)) was first iso-
lated from bovine brain extracts by Shiba et al. in 1971 (16)
during their search for new amine components. Its chemical
structure was determined, and it was named hypusine based on
its relationship to hydroxyputrescine and lysine. Hypusine was
found to occur in all animal tissues, as the free amino acid
as well as a protein component (20, 21). Radioactivity was
detected in the hypusine fraction isolated from rats injected
with radioactive lysine, suggesting that hypusine was derived
from lysine (21). However, no information was available on the
nature of the protein(s) containing hypusine, and hypusine was
buried in the literature merely as a new biochemical entity for a
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decade. The hypusine-containing protein was discovered in our
laboratory in 1981 in an experiment designed to identify a cel-
lular substrate protein into which polyamine is incorporated by
the transglutaminase reaction (6). To this end, human lympho-
cytes were cultured in a medium containing radioactive
spermidine, and the radiolabeled protein was analyzed by two-
dimensional gel electrophoresis. To our surprise, only one spe-
cific protein (�18 kDa, pI 5.2) was radiolabeled; the radioactive
component of this protein turned out to be hypusine (6), and
not a product of a transglutaminase reaction. This protein was
later identified as eukaryotic translation initiation factor 4D
(eIF-4D; current nomenclature, eIF5A) (22). We demonstrated
that the direct polyamine precursor of hypusine is spermidine
and that hypusine is formed posttranslationally, and not as a
free amino acid. Thus, free hypusine initially isolated from sol-
uble extracts of animal tissues must have originated from the
proteolytic breakdown of eIF5A protein.

eIF5A, aIF5A, and their bacterial ortholog EF-P

Hypusine occurs in all eukaryotes and in certain archaea, but
not in eubacteria (for reviews, see Refs. 7, 17, and 23). eIF5A,
DHPS, and DOHH are all highly conserved in eukaryotes (23).
eIF5A consists of two domains, shown in Fig. 1B: domain I
(N-terminal domain in yellow) and domain II (C-terminal
domain in green). The Lys residue (Lys50 in human eIF5A) that
undergoes the hypusine modification is located at the tip of a
flexible loop (orange) of domain I. The amino acid sequence of
this loop (Ser45–Ala54) is strictly conserved in all eukaryotes,
suggesting its importance in the hypusine modification as well
as in eIF5A function (24, 25). eIF5A is one of the few translation
factors universally conserved from bacteria to humans (25). It
shares structural and functional analogy with its archaeal ho-
molog, aIF5A (26) and the bacterial ortholog, EF-P (27). The
crystal structures of eIF5A from humans (28) and yeast (PDB

Figure 1. Pathways of polyamines (A), hypusine synthesis (B), and EF-P modification (C). A, simplified pathway of polyamine interconversion. Putrescine
generated from ornithine is converted to spermidine and spermine. B, the posttranslational formation of hypusine in eIF5A by two enzymatic steps catalyzed
by DHPS and DOHH. The aminobutyl moiety of spermidine (red) is used for hypusine synthesis at Lys50 of human eIF5A(Lys). The DHPS reaction is reversible (38).
Model structure of eIF5A is based on the human eIF5A (PDB code 1FH4) (28) with the N-terminal domain I (yellow) containing the hypusine site loop
(Ser45–Ala54) (orange) and the C-terminal domain II (green). C, EF-P (PDB code 1UEB) (30), the bacterial ortholog of eIF5A, contains domain III, which is similar to
domain II and is modified by �-lysylation (31) followed by hydroxylation. eIF5A(Hpu), eIF5A final modified form containing hypusine.
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code 3ER0), aIF5A (29), and EF-P (30) show remarkable resem-
blance, except that EF-P contains an extra third domain similar
to its second domain (Fig. 1C). eIF5A and aIF5A share the con-
served lysine that undergoes deoxyhypusine/hypusine modifi-
cation. EF-P does not undergo hypusine modification. Instead,
some EF-P proteins that contain the lysine residue correspond-
ing to the lysine modified to hypusine in eIF5A are modified by
conjugation with �-lysine by YjeA (homolog of class II lysyl-
tRNA synthetase) and are subsequently hydroxylated by YfcM
(31, 32) (Fig. 1C). �-Lysine is produced from �-lysine by YjeK
(lysine 2,3-aminomutase). Like the hypusine modification in
eIF5A, �-lysylation is known to occur in EF-P only and gener-
ates a long basic side chain that is important for the factor’s
activity (33, 34).

DHPS and DOHH: Mechanism, inhibitors, and specificity

The first evidence that hypusine is formed in two indepen-
dent enzymatic steps was obtained by the use of iron chelators
(35). In the presence of a metal chelator, �,�-dipyridyl, the
unhydroxylated intermediate, deoxyhypusine (N�-4-aminobu-
tyl(lysine)) was formed in eIF5A. The DHPS reaction is pro-
posed to occur in four steps (Fig. 2) (36): step I, NAD-de-
pendent dehydrogenation of spermidine with generation of
enzyme-bound NADH; step II, cleavage of dehydrospermidine
to produce an enzyme-butylimine intermediate and 1,3-di-
aminopropane; step III, transfer of the butylimine moiety from
the enzyme intermediate to the �-amino group of a specific
lysine of the eIF5A precursor; and step IV, reduction of the
eIF5A imine intermediate by the enzyme-bound NADH to
form deoxyhypusine. The evidence that the NADH generated
in step I remains bound to the enzyme until step IV to reduce
the eIF5A imine intermediate was obtained by NADH fluores-

cence measurement (37). The involvement of the enzyme imine
intermediate was validated by trapping it into a stable adduct
using NaBH3CN reduction; this active site was identified as
Lys329 (in human DHPS) (36). If the eIF5A precursor is omitted,
DHPS can catalyze an abortive reaction (i.e. spermidine cleav-
age) to produce 1,3-diaminopropane, �1-pyrroline, and NADH
(Fig. 2, partial reaction, dotted arrows). Apparently, the DHPS
reaction is reversible, as radioactive spermidine can be gener-
ated upon incubation of the radiolabeled deoxyhypusine pro-
tein with NAD and DHPS (38). However, there is no evidence of
back-conversion of the hypusine-containing eIF5A protein to
eIF5A(Lys). DHPS can also catalyze the synthesis of homosper-
midine from spermidine, using putrescine as an acceptor of
butylimine moiety (38), instead of eIF5A(Lys), although the Km

of the human enzyme for putrescine is much higher (�700-
fold) than that for eIF5A(Lys). Interestingly, a plant enzyme,
homospermidine synthase, catalyzes synthesis of homospermi-
dine by the same mechanism, but does not catalyze synthesis
of deoxyhypusine (39), suggesting its evolution by DHPS gene
duplication and selection of the minor function of this enzyme
for plant secondary metabolism. DHPS is a tetrameric enzyme
composed of four identical subunits of �40 kDa, and its active
sites are located at the interface of dimers (Fig. 3A) (40, 41). The
crystal structure of the enzyme–NAD complex showed a
restricted spermidine binding pocket, contributing to its nar-
row specificity. The role of each of the conserved amino acid
residues of the predicted spermidine-binding pocket was con-
firmed by alanine substitution (42). The proposed model of
spermidine binding at the active site shows the two terminal
amino groups of spermidine, anchored by acidic residues
Asp243, Asp316, and Glu323 (Fig. 3B) (23, 42). Only those com-

Figure 2. Mechanism of the DHPS reaction. The reaction occurs in four steps (I–IV) to form deoxyhypusine in eIF5A (36). However, if eIF5A(Lys) is omitted,
DHPS catalyzes the cleavage of spermidine and generates 1,3-diaminopropane, �1-pyrroline, and NADH (broken arrows). The transient enzyme–imine inter-
mediate at Lys329 was confirmed by trapping it into a stable form by reduction with NaBH3CN (36).
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pounds with two terminal basic groups spaced by a distance of
7– 8 methylenes are effective inhibitors of DHPS. Of many ana-
logs of spermidine tested, N1-monoguanyl 1,7-diaminoheptane
(GC7) is the most potent inhibitor (43). It is actively taken up by
cells and effectively inhibits eIF5A hypusination intracellularly.
Either alone or in combination with other agents, GC7 caused
inhibition of growth in various mammalian cells (44 –46) and in
an animal tumor model (47). High-throughput screening is in
progress to identify new, specific inhibitors or enhancers of
DHPS (48).

DOHH catalyzes a stereospecific hydroxylation at C2 of
the deoxyhypusine side chain. It is a unique nonheme diiron
monooxygenase (49) with a superhelical HEAT-repeat struc-
ture (Fig. 3C) (11, 50). The structure (50) and mechanism of
DOHH (51, 52) are distinct from other known protein hydroxy-
lases. DOHH consists of eight tandem repeats of �-helical pairs
with the diiron center anchored by four strictly conserved His-
Glu motifs that are critical for the enzyme activity (11, 49). Of
these, His56, His89, Glu90, His207, His240, and Glu241 are
involved in the binding of the two irons, whereas Glu57 and
Glu208 are responsible for the binding of the deoxyhypusine
side chain of the protein substrate eIF5A(Dhp) (Fig. 3D) (49,
53). The enzyme is inhibited by iron chelators, such as ciclopi-
rox olamine or deferiprone, two Food and Drug Administration–
approved antifungal agents. These compounds are also effec-
tive against retroviral infections (54), including HIV-1 (55), and
in the inhibition of cancer cell growth (56). It was suggested that
they confer these effects at least partially through inhibition of
DOHH (55, 56).

Both DHPS and DOHH are totally specific for eIF5A and do
not modify any other cellular proteins. DHPS and Lia1 (ligand
of eIF5A, later identified as DOHH) were identified as two
strong eIF5A-binding partners from yeast two-hybrid screen-
ing (57). Formation of high-affinity complexes, between eIF5A
and either enzyme, was demonstrated by pulldown assays,
native gel electrophoresis, or equilibrium ultracentrifugation.

eIF5A and DHPS form a stable complex with a Kd � 0.5 nM (58).
However, no crystal structure of the eIF5A–DHPS complex is
yet available. To determine the minimum structure of eIF5A
required for modification, truncated eIF5A polypeptides were
tested as substrates for DHPS and DOHH. When truncated
peptides of human eIF5A(Lys) (aa 1–90, 1– 80, 1–70, 1– 60,
10 –90, 20 –90, 30 –90, 20 – 80, and 30 – 80) were used as sub-
strates for DHPS, deoxyhypusine was formed in all of the pep-
tides, except aa 1–70, 1– 60, and 30 – 80, indicating that aa
20 – 80 is the minimum size required (59). When the peptides
were used in the combined DHPS and DOHH assay, hypusine
formation was detected with aa 1–90, 10 –90, and 20 –90 pep-
tides, but not with aa 1– 80, 1–70, and 30 –90, indicating that aa
20 –90 is minimally required to be substrates for both DHPS
and DOHH (23, 53). These findings suggest that the nearly
intact domain I of eIF5A is required for its modification by
DHPS or DOHH and thereby uncover the structural basis of the
extraordinary selectivity of hypusine synthesis in a single
protein.

Role of polyamines and eIF5A in eukaryotic translation,
cell proliferation, and animal development

A critical role of eIF5A in cell growth regulation was first
implied by a drastic increase in the hypusine-containing pro-
tein in lymphocytes upon activation with a mitogen (6, 22, 60).
A correlation between hypusine formation and growth was also
observed in other mammalian cells, including rat hepatoma
tissue culture cells (61), and in Ras oncogene–transfected
NIH3T3 cells (62).

Gene inactivation studies in the yeast Saccharomyces cerevi-
siae and in mice provide firm evidence for the essential nature
of eIF5A and its deoxyhypusine/hypusine modification in
eukaryotic cell growth and animal development. Deletion of
both eIF5A genes (14) or a single DHPS gene (64, 65) caused
loss of viability in yeast. But a S. cerevisiae strain lacking the
DOHH gene is viable (11), suggesting that the deoxyhypusine-

Figure 3. Crystal structures of DHPS and DOHH and their active sites. A, human DHPS homotetramer (PDB codes 1ROZ and 1RLZ) complex with NAD (41).
The two active sites at the dimer interfaces are indicated by black diamonds. B, active site residues of DHPS critical for catalysis (Lys329 and His288) and binding
of spermidine (Asp243, Asp316, Glu323, and Trp327) (23, 42). C, crystal structure of DOHH peroxo– diiron intermediate (PBD code 4D4Z) (50) consisting of eight
HEAT repeats (helical hairpins), diiron center (red), and critical active-site residues (black and blue). D, a diagram of DOHH (11) active site showing peroxo
(orange)– diiron (red) center and the four conserved His-Glu motifs critical for catalysis. His56, His89, Glu90, His207, His240, and Glu241 (black) are required for the
binding of iron (49), and Glu57 and Glu208 (blue) are required for binding of the terminal amino group of deoxyhypusine side chain (blue) (53).
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containing eIF5A, eIF5A(Dhp), can support growth in yeast. In
contrast, the disruption of any of the eIF5A, DHPS, or DOHH
genes leads to embryonic lethality in mice (66, 67). Loss of
DOHH is recessively lethal in Caenorhabditis elegans (68) and
Drosophila (69).

The essential requirement for polyamines in S. cerevisiae cell
growth (70) was attributed to the role of spermidine in hypusine
synthesis in eIF5A (71). The question of whether hypusine for-
mation is the most critical function of polyamines in yeast was
addressed by Dr. Herbert Tabor’s group in collaboration with
our group (72). The S. cerevisiae spe2� mutant lacking SAM
decarboxylase, and thereby spermidine biosynthesis, could
grow at a nearly normal rate when cellular spermidine was
�0.2% of that in the parental strain (72). In the WT strain, only
�1.4% of cellular spermidine was converted to hypusine in
eIF5A. However, increasing portions of total cellular spermi-
dine (as much as �50%) were mobilized for hypusine synthesis
in the spe2� mutant, as spermidine became severely limiting
(72). This finding indicates that hypusination of eIF5A is the
most critical function of polyamines in yeast cell growth.

In contrast to S. cerevisiae, mammalian cells depend on a
high level (millimolar) of intracellular polyamine for cell prolif-
eration. A decrease in either the polyamine or hypusinated
eIF5A level independently led to a significant inhibition of
growth in FM3A cells treated with inhibitors of polyamine bio-
synthesis or GC7 (73). Furthermore, a drastic inhibition of pro-
tein synthesis and cell growth was observed in 293T cells
depleted of spermidine and spermine upon overexpression of a
polyamine catabolic enzyme, spermidine spermine acetyltrans-
ferase 1, before any significant decrease in hypusinated eIF5A
was detected (74). Polysome profiles of these polyamine-de-
pleted 293T cells and also of DFMO-treated NIH3T3 cells (75)
showed loss of polysomes, suggesting a block in translation ini-
tiation in these polyamine-depleted cells.

Evidence for the indispensability of eIF5A hypusination in
mammalian cell growth was first reported in L1210 cells
depleted of spermidine by treatment with 5�-([(Z)-4-aminobut-
2-enyl]methylamino)-5�-deoxyadenosine (AbeAdo), an inhibi-
tor of SAM decarboxylase (76, 77). Cytostasis in the AbeAdo-
treated cells could be reversed by spermidine, spermine, or the
polyamine analogs that function directly or indirectly as a pre-
cursor for hypusine or a hypusine analog (76, 77). Consistent
with these results, in DU145 cells depleted of spermidine by
treatment with �-DFMO (�-difluoromethylornithine, an
irreversible inhibitor of ornithine decarboxylase), long-term
growth could be supported only by the polyamine analogs that
could be converted to hypusine in eIF5A (78). However, the
early acute phase of growth inhibition could be rescued by sev-
eral nonnatural polyamine analogs.

The role of spermidine in deoxyhypusine/hypusine modifi-
cation is vital for cell growth in both yeast and mammalian cells.
A question arises then as to why there is a huge difference (sev-
eral hundred-fold) in the minimum polyamine requirement
between the yeast and mammalian cells. In the cellular environ-
ment, polyamines and Mg2� bind to ATP, DNA, RNA, and
ribosomes and thereby contribute to the regulation of macro-
molecular synthesis. The ability of the yeast mutant strains to

grow with drastically reduced cellular polyamines4 appears to
be due to the substitution of polyamines by increased cellular
Mg2�. In contrast to yeast, mammalian cell growth is sensitive
to a reduction in cellular polyamine levels, probably because
such a Mg2�-dependent compensatory mechanism does not
operate in mammals. Thus, mammalian cells rely on the intri-
cate mechanisms of polyamine homeostasis to sustain normal
cell growth.

Mode of action of eIF5A in translation

Eukaryotic translation initiation factor 5A (old nomencla-
ture, IF-M2B�; renamed to eIF-4D and then to eIF5A) was ini-
tially isolated from rabbit reticulocyte ribosomes and was clas-
sified as an initiation factor, based on its stimulating activity on
methionyl-puromycin synthesis (79, 80), a model assay for the
first peptide bond formation. The hypusine residue was shown
to be important for eIF5A activity in this assay; the unmodified
eIF5A precursor was inactive (12, 15), whereas the deoxyhy-
pusine-containing eIF5A was partially active in this assay (13).
Furthermore, the eIF5A mutant with Ala or Arg substitution at
the hypusine modification site (K51A or K51R in the yeast
eIF5A) fails to support growth of yeast (14, 24), indicating the
vital importance of hypusinated eIF5A in eukaryotic cell
growth. The precise role of eIF5A in translation initiation
remained questionable, as it did not enhance various steps lead-
ing to the formation of the 80S initiation complex (17). How-
ever, definitive evidence for its role in elongation was provided
by an increase in the polysome fraction and in the ribosome
transit time upon depletion of eIF5A in the S. cerevisiae mutant
strains (81, 82).

New insights into the mechanism of eIF5A action have been
gleaned from studies of EF-P (for reviews, see Refs. 17–19).
During translation elongation, peptide bond formation between
the acceptor, aminoacyl-tRNA (A-tRNA), and the donor, pep-
tidyl-tRNA (P-tRNA), does not occur easily at certain amino
acids, such as proline and glycine, that are poor substrates for
peptide bond formation, resulting in a drop-off of the P-tRNA
from ribosome or ribosome stalling. Groundbreaking studies
from two laboratories (83, 84) demonstrated the role of EF-P in
alleviating ribosome stalling at the proline repeats. Gutierrez et
al. (85) also reported evidence that eIF5A similarly stimulates
peptide bond formation at consecutive proline sequences in
S. cerevisiae. Additional evidence for the importance of eIF5A
in translation of polyproline proteins was reported in T. brucei
(86). Recent ribosome profile data demonstrate that eIF5A
works more generally at many ribosome-stalled sites and that it
also enhances translation termination (87, 88). The cryo-EM of
yeast eIF5A bound to 80S ribosome (89) revealed the binding of
eIF5A between the P-tRNA site and exit tRNA site, adjacent to
the P-tRNA (Fig. 4). The hypusine side chain contacts the A76
of the CCA-end of the P-tRNA. Based on these findings, a
model was proposed in which eIF5A facilitates peptide bond
formation by stabilizing and orienting the CCA-end of the
P-tRNA (Fig. 4) and its nascent peptide chain. The crystal struc-
ture of the eIF5A-yeast 80S ribosome complex suggests a pos-
sible connection between eIF5A–ribosome association and the

4 A. Hanner and M. H. Park, unpublished results.
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conformational changes of the ribosome during protein syn-
thesis (90). The hypusination of eIF5A not only confers its
activity in translation elongation and termination, but also dic-
tates its subcellular localization in the cytoplasm (91), the
proper compartment for protein synthesis, with the aid of the
nuclear export factor, exportin 4, which recognizes the hypusi-
nated form of eIF5A (92).

eIF5A isoforms and human diseases

Different organisms express different sets of closely related
eIF5A isoforms. In mammals, there are two isoforms of eIF5A,
eIF5A-1 and a highly similar eIF5A-2 (93, 94). eIF5A-1 (referred
to as eIF5A) is the major protein constitutively expressed in all
cells and tissues, whereas the eIF5A-2 protein is not normally
detectable. High expression of eIF5A-2 was reported in certain
cancer cells or tissues (95), and the eIF5A isoforms have been
associated with human cancers (for reviews, see Refs. 44 and
96). eIF5A has been implicated in several other pathological
conditions, including diabetes (97) and HIV-1 and retroviral
infection (54, 55). Recent human genetic data from exome
sequencing reveal the association of defects in the hypusine
pathway with human disease.5 In five patients with a neurode-
velopmental disorder, four independent biallelic variants in the
DHPS gene were identified; three variants result in lack of or
inactive DHPS, and a fourth variant results in a drastically
reduced DHPS activity. Combination of one inactive allele with
a partially active allele led to clinical phenotypes in these
patients, suggesting pathogenesis due to defects in eIF5A
hypusination. Furthermore, similar clinical phenotypes were
observed in individuals carrying chromosome deletions in the
17p.13.1 region (98), which encompasses the EIF5A gene, sup-
porting the importance of eIF5A in human brain development.

Conclusions

The primary function of polyamines in mammalian cell
growth is to promote translation initiation mediated by polyca-
tions and to promote translation elongation and termination
mediated by hypusinated eIF5A. Hypusine synthesis clearly
defines a most critical function of polyamines in eukaryotic cell
proliferation and provides a solid connection between poly-
amines and cell growth/animal development, through the
eIF5A-mediated regulation of translation. It is intriguing that
hypusine modification occurs exclusively in a single protein,
eIF5A. Why did nature devise such an elaborate mechanism
involving two novel enzymes, DHPS and DOHH, to modify and
activate just one protein? Structures of ribosome-bound eIF5A
show the long, polyamine-derived, basic side chain of hypusine,
reaching the peptidyl transferase center, suggesting its role in
stabilizing P-tRNA and facilitating peptide bond formation at
stalled ribosomes.

Whereas EF-P, aIF5A, and eIF5A represent universally con-
served translation factors with significant structural and func-
tional similarities (17–19), their specificity, function, and
essentiality appear to have diverged during evolution. Whereas
EF-P exhibits strong specificity toward proline repeat motifs,
including PPP or PPG, eIF5A acts more generally at a broad
range of ribosome-pausing sites to enhance elongation, and it
also stimulates translation termination. EF-P or its �-lysylation
enzymes are not essential for basal bacterial growth but are
necessary for bacterial fitness, survival under stress conditions,
or virulence (18). Only eIF5A and DHPS are essential in archaea
and yeast, whereas eIF5A, DHPS, and DOHH are all required in
higher eukaryotes. Thus, the stringent requirement for the
hypusinated eIF5A seems to have evolved in higher eukaryotes
with greater complexities of their genome and proteome. It is
interesting that the frequencies of typical ribosome stalling
motifs, such as PPP or PPG (potential targets of EF-P and
eIF5A), have increased dramatically in proteomes of higher
organisms (99). In this regard, it is tempting to speculate that
the function of eIF5A has evolved to meet the demand to opti-

5 M. Ganapathi, L. R. Padgett, K. Yamada, O. Devinsky, R. Willaert, R. Person,
P. Y. B. Au, J. Tagoe, M. McDonald, D. Karlowicz, B. Wolf, J. Lee, Y. Shen, V.
Okur, L. Deng, et al. Recessive rare variants in deoxyhypusine synthase
(DHPS), an enzyme involved in the synthesis of hypusine, are associated
with a neurodevelopmental disorder. Submitted for publication.

Figure 4. Model of eIF5A bound to 80S ribosome (A) and proposed mode of eIF5A action in translation (B). A, eIF5A (red; PDB code 5GAK), is bound to the
80S ribosome at the exit tRNA site adjacent to the P-tRNA (green; PDB code 5GAK). The A-tRNA is shown in blue (PDB code 5GAK). The hypusine side chain is
indicated by a bright red arrow. B, the hypusine side chain of eIF5A (red) contacts A76 of the CCA end of P-tRNA to stabilize it and its nascent peptide chain and
also promotes interactions between the ribosomal protein uL16 with both A- and P-tRNA and thereby stimulates peptide bond formation (modified from
Ref. 89).
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mize translation rate by relieving a broad range of ribosome
stalling and also by enhancing termination in higher eukaryotes
(87).

Considering that eIF5A is generally abundant and stable in
mammalian cells, it is curious that haploinsufficiency of eIF5A
(98) or certain mutations in DHPS are associated with a rare
human neurodevelopmental disorder.5 It is possible that some
factors important for brain development become limiting when
the level of active eIF5A or DHPS is reduced. However, the
association of a neurological disorder may not be unique to
eIF5A, as multiple neurological disorders have been linked to
mutations in other genes encoding the translation machinery,
suggesting an exceptional sensitivity of neurons to translational
defects or errors (63). Future efforts will be directed toward
elucidation of the cellular and molecular pathways linking defi-
ciency in eIF5A and DHPS to neurodevelopmental disorders.
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Polyamines are organic polycations that bind to a variety of
cellular molecules, including nucleic acids. Within cells, poly-
amines contribute to both the efficiency and fidelity of protein
synthesis. In addition to directly acting on the translation appa-
ratus to stimulate protein synthesis, the polyamine spermidine
serves as a precursor for the essential post-translational modifi-
cation of the eukaryotic translation factor 5A (eIF5A), which is
required for synthesis of proteins containing problematic amino
acid sequence motifs, including polyproline tracts, and for ter-
mination of translation. The impact of polyamines on transla-
tion is highlighted by autoregulation of the translation of
mRNAs encoding key metabolic and regulatory proteins in the
polyamine biosynthesis pathway, including S-adenosylmethio-
nine decarboxylase (AdoMetDC), antizyme (OAZ), and anti-
zyme inhibitor 1 (AZIN1). Here, we highlight the roles of poly-
amines in general translation and also in the translational
regulation of polyamine biosynthesis.

Because of their cationic properties, polyamines bind to neg-
atively charged molecules in cells. Nucleic acids, including both
DNA and RNA, are prominent binding sites for polyamines
with nearly 90% of the spermidine in Escherichia coli cells
bound to RNA (1). A substantial fraction (�15%) of the poly-
amines in E. coli are stably associated with ribosomes (2). Poly-
amines stimulate general protein synthesis and also impact the
fidelity of translation. The importance of polyamines to trans-
lation is highlighted by the mRNA-specific translational con-
trol mechanisms that link polyamine levels to the synthesis of
key polyamine biosynthetic enzymes and their regulators. In
this Minireview, we will highlight the roles of polyamines in
general translation and in the translational regulation of poly-
amine biosynthesis. In honor of Herb Tabor, we will also high-
light his contributions to this area of polyamine research.

Overview of the translation pathway

To review the roles of polyamines in translation, it is impor-
tant to first discuss the mechanism of cellular protein synthesis.

As this Minireview will discuss both eukaryotic and bacterial
translation, we will focus the description on eukaryotic
translation but highlight differences in the bacterial transla-
tion mechanism that are relevant to polyamines. Ribosomes are
ribonucleotide–protein particles consisting of 3– 4 rRNA mol-
ecules and �53–79 ribosomal proteins depending on the orga-
nism. These components are organized into two subunits: the
small subunit (40S in eukaryotes and 30S in bacteria) and the
large subunit (60S in eukaryotes and 50S in bacteria). The small
subunit contains the decoding center with binding sites for
aminoacyl-tRNAs and the mRNA, and the large subunit con-
tains the peptidyltransferase active site of the ribosome, which
catalyzes peptide bond formation. There are three tRNA-bind-
ing sites on the ribosome: the aminoacyl (A)3 site, the peptidyl
(P) site, and the exit (E) site. The protein synthesis pathway can
be broken into four steps: initiation, elongation, termination,
and ribosome recycling. Translation initiation culminates with
the formation of a complex in which the initiator methionyl-
tRNA (Met-tRNAi

Met; note that in bacteria formylated fMet-
tRNAf

Met is used for initiation) is bound in the P site of the
ribosome with its anticodon base-paired with the start codon of
the mRNA. The translation initiation pathways are distinct in
bacteria and eukaryotes and require distinct sets of trans-acting
initiation factors (3). In bacteria, the 30S subunit with bound
formylated fMet-tRNAf

Met is recruited to the start codon of an
mRNA via base-pairing interactions between the 3� end of the
15S rRNA within the subunit and the Shine-Dalgarno sequence
located a few bases upstream of the start codon in the mRNA.
Following formation of this preinitiation complex (PIC), the
large (50S) subunit joins to form the functional 70S ribosome
(4). In contrast to this direct recruitment of the ribosome to the
start codon in bacterial translation initiation, eukaryotic trans-
lation initiation relies primarily on the scanning mechanism to
select the start codon (reviewed in Refs. 3, 5, 6). The eukaryotic
translation initiation factor eIF2 binds GTP and Met-tRNAi

Met

to form a ternary complex that then binds to the 40S subunit
along with several other translation initiation factors. This PIC
then binds near the 5� end of an mRNA with the assistance of
the mRNA 5� m7G cap-binding factor eIF4E and associated
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factors, including eIF4G. The PIC then scans the mRNA in a 3�
direction inspecting the sequence for a start codon. Base-pair-
ing interactions between the anticodon of the tRNAi

Met and
an AUG codon in the mRNA triggers a sequence of events
including: 1) release of the factor eIF1; 2) completion of GTP
hydrolysis by eIF2 and release of inorganic phosphate (Pi); 3)
structural rearrangements in the ribosome to strengthen Met-
tRNAi

Met binding in the P site and to prevent further scanning;
and 4) release of eIF2–GDP. Like many G proteins, eIF2 has a
higher affinity for GDP than for GTP. The guanine nucleotide
exchange factor eIF2B recycles inactive eIF2–GDP to func-
tional eIF2–GTP. Stress-responsive protein kinases, including
the antiviral kinase PKR, the endoplasmic reticulum stress-re-
sponsive kinase PERK, and the amino acid starvation-activated
kinase GCN2, phosphorylate the � subunit of eIF2 to convert
eIF2 into an inhibitor of eIF2B and thereby block recycling and
inhibit translation (7). Following release of eIF2–GDP from the
small ribosomal subunit poised on the start codon, the 60S sub-
unit joins to form an 80S ribosome that is ready for translation
elongation.

The translation elongation pathway is conserved between
bacteria and eukaryotes (8). The eukaryotic translation elonga-
tion factor (eEF) 1A like its bacterial homolog EF-Tu forms a
ternary complex with GTP and an aminoacyl-tRNA. Binding of
this ternary complex to the A site of the ribosome and base-
pairing of the anticodon of the aminoacyl-tRNA to the mRNA
codon present in the A site trigger GTP hydrolysis by eEF1A.
Following release of the eEF1A–GDP complex, the aminoacyl-
tRNA is accommodated into the A site. By positioning the ami-
noacyl-tRNA in the A site in close proximity to the peptidyl-
tRNA in the P site, the ribosome promotes peptide bond
formation. Of particular relevance when discussing the roles of
polyamines in translation, the translation factor eIF5A (for-
merly called eIF-4D or IF-M2B�), which is post-translationally
modified by spermidine, binds in the E site and promotes pep-
tide bond formation (9 –12). The function of eIF5A is especially
important for poor substrates like proline (13–15). Following
peptide bond formation, the factor eEF2 (EF-G in bacteria) pro-
motes translocation of the tRNAs from the P and A sites to the
E and P sites, respectively, and the mRNA is translocated with
the tRNAs. Following release of eEF2, the A site is vacant and
available to receive the next aminoacyl-tRNA. Translation
elongation will continue with cycles of peptide bond formation,
translocation, and aminoacyl-tRNA binding until a termination
codon enters the A site.

Translation termination is promoted by release factors (16).
In eukaryotes, the release factor eRF1 in complex with the fac-
tor eRF3 interacts with a stop codon in the A site and promotes
hydrolysis of the aminoacyl bond linking the completed peptide
chain to the P-site tRNA. Recent studies have revealed that
eIF5A, in addition to its role in elongation, is generally required
for termination (14). Following hydrolysis of the peptidyl-tRNA
bond, the nascent peptide is released from the ribosome. Addi-
tional factors, including ABC protein ABCE1, ligatin (eIF2D),
density-regulated protein, and multiple copies in T-cell lym-
phoma-1 (MCT1), in eukaryotes or ribosome recycling factor
in bacteria release the ribosomal subunits and deacylated tRNA
from the mRNA for use in additional rounds of translation (16).

Polyamine stimulation of translation in vitro

Polyamines were initially linked to protein synthesis follow-
ing the finding that polyamines were stably associated with
ribosomes in the cell. In E. coli cells, �12–15% of polyamines
are stably associated with ribosomes such that the polyamines
do not readily exchange with free polyamines in cell extracts
(2). The notion of specific polyamine-binding sites on ribo-
somes is supported by cross-linking studies using photoreactive
analogs of spermine (17); however, the large number of bound
polyamines (�500/ribosome) (18) raises questions about the
specificity of some sites. High-resolution structural studies on
the bacterial ribosome have identified only two well-positioned
polyamines (Protein Data Bank code 4YBB (19)). One possibil-
ity is that only a few polyamines bind to critical defined sites
required for ribosome function, and other sites are differen-
tially occupied in a stochastic manner. In support of the notion
that polyamines are important for ribosome function, the
Tabor lab identified mutations in the small ribosomal subunit
protein S12 of E. coli that conferred an essential requirement
for polyamines for bacterial growth (20), although it is not clear
whether the polyamine requirement was for general ribosome
function or translation fidelity.

Many studies have reported stimulation of translation in
vitro by polyamines. Early studies using cell-free extracts from
bacteria or mammalian cells employed high concentrations of
divalent cations, typically Mg2�, to stimulate protein synthesis.
Subsequent studies revealed that inclusion of polyamines, espe-
cially spermidine or spermine, lowered the Mg2� optimum for
peptide synthesis (21–24). In addition to lessening the Mg2�

requirement for peptide synthesis, other studies showed that
addition of polyamines increased the activity of in vitro trans-
lation systems and the total yield of protein (25–27). The use of
gel-filtered in vitro translation systems revealed the distinct
stimulatory properties of Mg2� and polyamines. Addition of
Mg2� alone to filtered reticulocyte lysates failed to restore
translation activity to the rate obtained in unfiltered lysates;
however, supplementation with polyamines plus Mg2� restored
nearly full activity (28). Again, the inclusion of polyamines lowered
the optimum Mg2� concentration for protein synthesis. The abil-
ity of polyamines to stimulate translation in vitro was independent
of the mRNA used and thus the protein synthesized (29), indicat-
ing that the polyamines were likely acting on the translational
machinery.

Although polyamines could stimulate the rate and extent of
in vitro protein synthesis by enhancing the initiation or elonga-
tion steps of translation, most studies have linked polyamines to
translation elongation. Addition of polyamines to wheat germ
extracts increased the rate of amino acid incorporation into
lengthening polypeptides, as opposed to newly initiated pro-
teins, indicating that polyamines were stimulating translation
elongation (28). Moreover, polyamines stimulated methionyl-
puromycin (Met-puro) synthesis in rabbit reticulocyte lysates
(30). Although the Met-puro assay, which monitors the transfer
of methionine from Met-tRNAi

Met to the aminoacyl-tRNA
analog puromycin, was originally thought to mimic first pep-
tide bond formation and thereby monitor translation initiation,
it is now clear that this assay reports on ribosomal peptidyl-
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transferase activity and thus is a readout of translation elonga-
tion. Consistent with this interpretation, the translation factor
eIF5A, which functions in translation elongation (14, 31), was
originally identified based on its stimulation of Met-puro syn-
thesis (32–34). In further support for polyamine stimulation of
translation elongation, synthesis of the simple peptide Met–
Phe–Phe–Phe (MFFF) in a fully reconstituted yeast in vitro
assay system was highly dependent on added polyamines. Fol-
lowing pre-assembly of initiation complexes on the mRNAs,
addition of spermine, spermidine, or putrescine was required
for peptide synthesis (15). In these reactions, spermine (K1/2 �
0.08 mM) and spermidine (K1/2 � 0.24 mM) were substantially
more effective than putrescine (K1/2 � 17 mM) (15). In kinetic
assays using a reconstituted bacterial translation assay system,
addition of spermine or spermidine stimulated the rate of
codon recognition in the A site of the ribosome (35) without
impacting the fidelity of translation. Perhaps the binding of
polyamines to tRNA (36, 37) enhances the association of the
EF-Tu–GTP–aminoacyl-tRNA complexes with the ribosome.
The Tabor lab reported that addition of polyamines to an auxo-
trophic strain of E. coli enhanced the production of a full-length
protein dependent on a nonsense suppressor tRNA (38). Al-
though the simple interpretation of this result is that poly-
amines are enhancing the utilization of the suppressor tRNA
during elongation, additional experiments are needed to deter-
mine whether the polyamines are affecting the levels or amino-
acylation of the suppressor tRNA. Taken together, these in vitro
and in vivo studies demonstrate that polyamines stimulate
translation elongation; however, they do not rule out a role for
polyamines in translation initiation. In fact, studies of mito-
chondrial translation initiation, which uses a bacteria-like
translation system, reported stimulation of PIC formation by
spermine, perhaps due to stabilization of fMet-tRNAf

Met bind-
ing to the small ribosomal subunit (39).

In a fully reconstituted mammalian in vitro translation assay
system, addition of the factor eIF5A, which as described above
is modified by spermidine, or of polyamines decreased the
Mg2� optimum required for globin synthesis (34). Consistent
with this overlap in eIF5A and polyamine function, eIF5A
could functionally substitute for polyamines to stimulate
MFFF synthesis in the reconstituted yeast in vitro translation
assay system (15). In assays lacking polyamines, addition of
either spermidine or eIF5A (interestingly, with or without its
polyamine-derived modification) was sufficient to restore
translational activity. As eIF5A binds in the ribosomal E site
(10, 11, 13) and is thought to interact with both the body and
acceptor stem of the P-site tRNA, this functional overlap of
eIF5A and polyamines suggests that polyamines may inter-
act with the peptidyl-tRNA, at least in eukaryotes, to pro-
mote translation elongation.

Translation factor eIF5A, hypusine, and polyamine
stimulation of translation

As mentioned earlier, the translation factor eIF5A is at the
interface of polyamines and cellular protein synthesis. eIF5A is
the sole cellular protein that contains the amino acid hypusine.
The hypusine residue in eIF5A is formed post-translationally in
two steps (9, 12). First, the n-butylamine group from spermi-

dine is transferred to the �-amino group of a conserved Lys
residue in eIF5A to form deoxyhypusine. A subsequent hydrox-
ylation reaction on the second carbon of the transferred moiety
completes the modification to form hypusine. Both eIF5A and
its hypusine modification are essential for cell viability in yeast
(40 –42). Several studies, including work from the Tabor lab
(43), demonstrated that spermidine, and not spermine, was the
source of the n-butylamine moiety for hypusine formation (44 –
47). Although originally thought to function in translation ini-
tiation based on its ability to stimulate Met-puro synthesis (32,
33), subsequent studies revealed that eIF5A was generally
required for translation elongation and termination (14, 31).
The elongation function of eIF5A was especially noted for dif-
ficult substrates like polyproline (13, 15).

Several studies have sought to examine the role of eIF5A,
hypusine, and polyamines in translation in vivo. By growing
polyamine auxotrophic strains of yeast in varying concentra-
tions of spermidine, the Tabor lab correlated hypusine forma-
tion in eIF5A with cellular growth rate (48). Although not
definitive, this study suggested that hypusine formation on
eIF5A is one of the most critical functions of spermidine in
yeast cells. Depleting mammalian cells of polyamines using the
drug difluoromethylornithine, an inhibitor of ornithine decar-
boxylase (ODC), or by overexpressing the polyamine catabolic
enzyme N1-spermidine/spermine acetyltransferase 1 (SSAT1)
inhibited cell growth (49, 50). Polysome profile analyses in these
cells revealed a loss of large polysomes suggesting a defect in
translation initiation that is at odds with the in vitro studies
indicating that polyamines play a more prominent role in trans-
lation elongation. Interestingly, depletion of hypusine using the
drug N1-guanyl-diaminoheptane, an inhibitor of deoxyhy-
pusine synthase, likewise caused a loss of large polysomes
(49). The discovery that polyamine depletion triggers activation
of the stress-responsive kinase PERK and phosphorylation of
translation initiation factor eIF2� provides a plausible explana-
tion for the observed translation initiation defect in cells
depleted for polyamines or hypusine (51). Accordingly, a reduc-
tion in polyamine levels activates a cellular stress response lead-
ing to phosphorylation of eIF2� and inhibition of translation
initiation that is more rate-limiting than the impairment in
translation elongation associated with loss of polyamines and
hypusine. Of note, depletion of polyamines inhibited growth of
cells in which eIF2� phosphorylation was prevented by muta-
tion of the phosphorylation site to alanine (S51A) (51), consis-
tent with the notion that polyamines play additional roles in cell
proliferation. It will be of interest to determine whether trans-
lation initiation or elongation is impaired in the S51A cells fol-
lowing polyamine depletion. Finally, depletion of polyamines in
mammalian cells using difluoromethylornithine plus N1-(3-
aminopropyl)-cyclohexylamine, an inhibitor of spermine syn-
thase, was reported to inhibit cell growth prior to impacts on
hypusine levels (52). Although it is not clear whether this pro-
liferation defect is due to impaired protein synthesis, this result
suggests that in addition to their critical role in hypusine for-
mation, polyamines can also contribute to cell growth indepen-
dently of eIF5A and hypusine.
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Impacts of polyamines on translational fidelity

Although translation elongation typically proceeds at high
fidelity with the ribosome incorporating the proscribed amino
acid and advancing by three nucleotides at each translocation
step, errors due to misincorporation of the wrong amino acid or
due to shifting of reading frames can occur. The frequency of
both of these errors is influenced by polyamines. Multiple stud-
ies have linked lower levels of polyamines with increased mis-
reading during translation elongation. In both bacterial and
wheat germ extracts, increasing the concentration of spermi-
dine from 1 to 3 mM decreased the rate of misincorporation of
leucine in place of phenylalanine by ribosomes programmed
with poly(U) mRNA-encoding polyphenylalanine (53, 54).
Consistent with these findings, the relatively high level of mis-
reading observed in E. coli strains that were defective or auxo-
trophic for polyamine synthesis was partially suppressed by
addition of putrescine to the media (55). In contrast to these
studies linking increased polyamines to enhanced fidelity dur-
ing translation elongation, high polyamines were linked to stop
codon readthrough on the �-globin mRNA in rabbit reticulo-
cyte lysate (56). It is intriguing to recall that the translation
factor eIF5A is generally required for termination (14), and as
will be described below, high polyamines have been found to
interfere with eIF5A function during translation of the anti-
zyme inhibitor 1 (AZIN1) mRNA (57). Perhaps high polyamine
stimulation of stop codon readthrough does not reflect
decreased fidelity of aminoacyl-tRNA binding to the ribosomal
A site but rather impaired termination at the stop codon due to
interference with eIF5A function. Additional experiments are
needed to distinguish between these possibilities. In a series of
studies, the Tabor lab highlighted the impact of polyamines
on frameshifting. Whereas translation of the yeast retrovirus
Ty1 relies on a programmed �1 frameshift, translation of the
endogenous yeast L-A virus RNA depends on a �1 pro-
grammed frameshift (58). Interestingly, increased �1 frame-
shifting was observed when a strain lacking S-adenosylme-
thionine decarboxylase (AdoMetDC), and thus unable to
synthesize spermidine or spermine, was grown in low concen-
trations of spermidine (59). Surprisingly, this enhanced frame-
shifting was not simply due to decreased spermidine levels, but
instead it depended on the combination of low spermidine lev-
els and high putrescine levels due to the absence of AdoMetDC
(60). Thus, not only total polyamine levels but the relative
amounts of the different polyamines can impact the fidelity of
translation.

Translational control of polyamine homeostasis

In addition to impacts on general protein synthesis, poly-
amines control the translation of specific mRNAs. The transla-
tional autoregulation of polyamine biosynthetic and regulatory
proteins highlights the intriguing interplay between poly-
amines and protein synthesis. The regulatory schemes em-
ployed to maintain polyamine homeostasis identify steps in the
translation process that are impacted by polyamines and pro-
vide additional insights into the roles of polyamines in transla-
tion. In this section, we will summarize the current understand-
ing of how polyamines control the translation of mRNAs

encoding ODC, ODC antizyme (OAZ), antizyme inhibitor 1
(AZIN1) and AdoMetDC. Intriguingly, the mRNAs encoding
spermine synthase and SSAT1 contain conserved upstream
open reading frames (uORFs) (61), and polyamines have been
implicated in translational regulation of SSAT1 (62–64). How-
ever, the mechanism by which polyamines regulate translation
of these mRNAs is not well understood, and SSAT1 is also reg-
ulated by polyamines through the alternative splicing of its
mRNA (65).

Ornithine decarboxylase and antizyme

The first step in the biosynthesis of polyamines in eukaryotes
is the decarboxylation of ornithine to putrescine, a reaction
catalyzed by the enzyme ODC (see 66, 67). ODC functions as a
homodimer with both monomers contributing residues to the
catalytic center. Considering its central role in polyamine bio-
synthesis, ODC is, not surprisingly, subject to extensive regula-
tion. Some of this regulation is part of negative feedback mech-
anisms that have evolved to maintain polyamine homeostasis in
the cell. Much of the feedback regulation of ODC is post-trans-
lational and indirect. Important examples are discussed further
below. There is, however, much evidence that mammalian
ODC mRNA is subject to translational autoregulation by poly-
amines, and this regulation has been shown for mammalian
ODC both in vitro and in vivo (68 –70). The nature of the cis-
acting elements and the mechanism of regulation are obscure at
present; however, mutational analyses indicate that the trans-
lational control elements are contained within the 300-nucleo-
tide 5� leader of the ODC mRNA (reviewed in Ref. 71). A dif-
ferent and better understood translational autoregulation of
the ODC mRNA is found in many nonmammalian animals and
separately in filamentous fungi. This latter autoregulation is
discussed in more detail below.

OAZ is a protein inhibitor of ODC, whose synthesis is
induced by the end product of ODC, i.e. polyamines (72). As
described in detail in another Minireview in this series, OAZ
binds to ODC monomers preventing formation of functional
ODC homodimers (67, 73). Once bound to ODC, OAZ pres-
ents ODC for ubiquitin-independent degradation by the 26S
proteasome (74, 75). The first cloned OAZ was rat OAZ1.
OAZ1 has orthologs in most or all vertebrates (76). Of note,
work from the Tabor lab studying ODC turnover in Saccharo-
myces cerevisiae first predicted the presence of yeast OAZ (77).
Depending on the species, vertebrates have up to four different
OAZ paralogs. All mammals apparently have three OAZ para-
logs (78, 79). The vertebrate OAZ genes identified to date are
encoded by two partially overlapping reading frames, and �1
ribosomal frameshifting is required for synthesis of the func-
tional full-length protein (Fig. 1A) (76, 80, 81). The frameshift
occurs while ribosomes are decoding the stop codon of the first
ORF (ORF1). Following its initial discovery, OAZ homologs
were identified in many kingdoms of the eukaryotic domain of
life, including most animals, fungi, and many protists (76,
80 – 82). The requirement for �1 frameshifting is nearly uni-
versally conserved; however, the exact frameshift site is not
conserved. At least nine naturally occurring variants of OAZ
frameshift sites have been identified. Interestingly, a bewilder-
ing array of cis-acting sequences that stimulate ribosomal
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frameshifting has evolved in different evolutionary branches.
The originally cloned rat OAZ1, for example, contains a stim-
ulatory RNA pseudoknot structure that is located 3� of the shift
site and is conserved throughout vertebrates (81). A different
stimulatory RNA pseudoknot has evolved independently in
invertebrates and is similarly well conserved (83). In other evo-
lutionary branches, conserved RNA stem–loop structures
located 3� of the frameshift site have been confirmed, or are
suspected, to act as frameshifting stimulators (80, 84). The nas-
cent peptide near the C terminus of ORF2 in S. cerevisiae OAZ
has been proposed to regulate the frameshifting (85); however,
the conservation of this sequence is unclear even within the
Saccharomyces clade. A frameshifting stimulatory sequence
was also mapped downstream of the frameshift site in Schizos-
accharomyces pombe OAZ; however, the nature of the stimula-
tory sequence is unclear (82). Although not well understood,
cis-acting stimulators of frameshifting have also been mapped
to the 5� side of the shift site. Most of these 5�-stimulatory
elements appear to act through their primary nucleotide
sequence, although at least one element acts through the
sequence of the encoded nascent peptide (80, 84).

Because the sequences of both the shift sites and cis-acting
elements are very diverse, it is likely that the molecular details of
the frameshifting mechanism(s) will also vary widely. Experi-
mental evidence also supports this conclusion. There are at
least two central features to OAZ frameshifting. The first is
slow recognition of the ORF1 stop codon. In characterized
examples of �1 frameshifting on other mRNAs, inhibiting rec-
ognition of the A-site codon, for example by having a rare
codon in that position, stimulates the change in reading frame
(86, 87). As ribosomal frameshifting is in competition with stan-
dard decoding, any feature, like slow decoding of the A-site

codon, that inhibits standard decoding will enhance the prob-
ability of the alternative event, frameshifting. Two features of
the ORF1 stop codon suggest that termination will be ineffi-
cient. In greater than 95% of OAZ genes identified to date, the
stop codon of ORF1 is UGA, the least efficient stop codon.
Mutating this stop codon to UAA or UAG to enhance termina-
tion reduced frameshifting (81, 88). In both bacteria and
eukaryotes, the 3� nucleotide context of a stop codon affects the
efficiency of termination (89, 90), and intriguingly, the termi-
nation codon of ORF1 of OAZ genes is almost invariably in
poor termination context (80). The second critical feature of
OAZ frameshifting is the identity of the P-site codon at the shift
site. The apparent ancestral and most common shift site is
UCC-U. This site is conserved from fungi to animals (82). Of
the at least six other known shift sites (80), some, like the recur-
rent site UUU-U, where the P-site tRNA can form identical
base-pairing in the 0 and �1 frames, are obviously conducive to
�1 frameshifting; the function of other shift sites is less obvi-
ous. An important clue for the selection of other shift site
sequences came from analysis of the GCG-U frameshift site in
S. cerevisiae (91). This sequence is highly reminiscent of the �1
frameshift site, GCG-A, required for expression of the GagPol
polyprotein of the retrotransposon Ty3 in S. cerevisiae (92). In
the case of Ty3, the cognate tRNA (one that can form full Wat-
son-Crick, or wobble, pairing) for GCG is missing from the
yeast genome, and recognition by the obligatory substitute
tRNAAla with anticodon 3�-CGI-5�, requires an unusual G:I
(purine:purine) apposition during decoding (93). This apposi-
tion makes codon–anticodon pairing inherently unstable when
present in the P site. Budding yeast that lack cognate tRNA for
the GCG codon all use GCG-U as a shift site for their OAZ
genes, indicating that the alternative OAZ shift sites might take

AZIN/ODC

AdoMetDC

uCC

OAZ-ORF2 (+1 frame)

uORFOOOOORORRRFRFRFRFRFRFRO FO FRuO

A

B

C

Lower Polyamines Higher Polyamines

Figure 1. Schematic representation of polyamine control of OAZ, AZIN, and AdoMetDC mRNA translation. A, OAZ is encoded by two partially overlap-
ping ORFs linked through ribosomal �1 frameshifting. Under lower polyamine conditions (left), ribosomes terminate at the stop codon of ORF1; under higher
polyamine conditions (right), ribosomes frameshift at the ORF1 stop codon and synthesize full-length OAZ. B, AZIN and some ODC mRNAs contain a uCC
element (in red, an inhibitory uORF with conserved peptide sequence and initiated at a near cognate start codon) upstream of the main ORF (green). In lower
polyamine conditions, many scanning ribosomes bypass the uCC and translate the main ORF, and ribosomes that translate the uCC disengage from the mRNA
after terminating. Under higher polyamine conditions, translating ribosomes pause during translation of the uCC and cause queuing of subsequent scanning
ribosomes and enhanced initiation on the uCC. The increased translation of the uCC results in decreased translation of the main ORF. C, AdoMetDC mRNAs of
vertebrates contain an inhibitory uORF (red) encoding a peptide with the sequence MAGDIS; the main ORF is in green. Under conditions of lower polyamines,
many ribosomes bypass the uORF and translate the main ORF. The occasional ribosome that translates the uORF disengages from the mRNA after termination.
Under conditions of higher polyamines, pausing of translating ribosomes at the uORF stop codon blocks additional ribosomes from loading on the mRNA and
impairs main ORF translation.
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advantage of the translational environment within the orga-
nism (94). Curiously, the shift site UCC-U, accompanied by the
cis-acting elements of mammalian OAZ1, which have evolved
separately from the yeast translational machinery, nevertheless
supports ribosomal frameshifting into the �1 frame in yeast,
although predominantly via a �2 shift event with only a minor-
ity of ribosomes shifting via a �1 event (95). Based on these
results and a similar finding in S. pombe (96), it has been argued
that mobilization of the tRNA in the P site of the OAZ shift site
is essential (i.e. the P-site codon-anticodon pairing is inherently
compromised in OAZ shift sites), whereas strong pairing of
the-P site tRNA in the new frame is not crucial (80, 97).

How polyamines stimulate the regulatory frameshifting on
the OAZ mRNA is an area of active investigation. Experiments
with the mammalian OAZ1 sequence indicate that neither the
5� nor 3� cis-acting elements are required for polyamine regu-
lation of frameshifting; these sequences merely enhance the
levels of frameshifting across a gradient of polyamine concen-
trations. Replacing the stop codon of ORF1 with a sense codon;
however, not only reduces frameshifting but also completely
abolishes polyamine regulation (81, 88). These experiments
implicate the process of translation termination in the regula-
tion and suggest that the sensor for polyamine is a molecule that
interacts with the stop codon. In vitro experiments with mam-
malian OAZ1 showed that enhancing termination at the ORF1
stop codon by adding excess eRF1 decreased frameshifting (98).
Conversely, an inactivating mutation in eRF3 increased frame-
shifting (98).

The picture that has emerged from studies on the OAZ
frameshifting in S. cerevisiae is considerably more complicated.
One study has reported that a sequence comprising the shift
site plus 17 nucleotides upstream and 10 nucleotides down-
stream is sufficient to confer robust polyamine regulation of
yeast OAZ �1 frameshifting (99). This result is consistent with
the idea, outlined above, that the stop codon is the essential
component of the polyamine regulation. In support of this
notion, conversion of yeast eRF3 to its inactive prion state
[PSI�] enhanced frameshifting (100). However, another study
identified two additional cis-acting sequences essential for
polyamine regulation of yeast OAZ frameshifting (85). The first
is a codon 5� of the shift site that dampens frameshifting, and
the second is part of the nascent peptide near the C terminus of
ORF2. In the absence of polyamines, as the nascent peptide is
synthesized it is proposed to jam the exit tunnel of the ribo-
some, causing the ribosomes to stall and fail to complete syn-
thesis of OAZ. High polyamines are proposed to relieve this
jamming and simultaneously enhance frameshifting at the
upstream site by relieving the ribosomal queue. The apparent
contradiction between the models focused on the shift site ver-
sus the nascent peptide has remained unresolved. The nascent
peptide sequence responsible for the latter mechanism is not
conserved beyond the Saccharomycotina lineage, indicating
that this feature is unlikely to figure in the polyamine-induced
�1 frameshifting of other OAZ mRNAs, even if it plays an
important role in S. cerevisiae.

The features of polyamines required for stimulation of OAZ
frameshifting are not well understood. In vitro experiments
have shown that putrescine, spermidine, and spermine can all

stimulate the frameshifting of mammalian OAZ1; although the
optimum concentration of each polyamine to stimulate an
equivalent level of frameshifting is different, putrescine is
required at the largest concentration; spermidine is required at
a lower concentration, and spermine is required at the lowest
concentration (81, 101). This gradation correlates with the
number of amine groups in each of polyamine. Superficially,
this implies that the role of polyamines in antizyme frameshift-
ing is to neutralize clusters of negatively charged residues in a
target molecule(s). Similar results were observed in vivo in yeast
using the minimal S. cerevisiae OAZ shift site sequence (99).
This latter study also showed that, although putrescine and
spermine act cooperatively to promote frameshifting, spermi-
dine does not act cooperatively with the other polyamines.
These results suggest the presence of multiple and distinct
polyamine-binding sites that affect frameshifting, yet the differ-
ent polyamines apparently in some cases compete for the same
binding site. The most likely polyamine target molecule(s) is the
ribosome machinery and, more specifically, its RNA compo-
nents with their ample negatively charged phosphate groups.
One conceivable mechanism is that polyamine binding in the A
site of the ribosome inhibits the binding and function of the
release factors. As mentioned previously, in vitro experiments
in mammalian cells performed more that 30 years ago showed
that the polyamines spermidine and spermine stimulate read-
through of a UGA, but not a UAA, stop codon, implying that
polyamines can interfere with termination at select stop codons
in cells (56). Experiments testing a modified OAZ2 frameshift
site or the murine leukemia virus (MuLV) readthrough site in
mammalian COS-7 cells showed that polyamines can stimulate
stop codon readthrough (88). Further studies testing all three
stop codons and all three physiologically important polyamines
revealed that the combination of spermidine and the least effi-
cient termination codon UGA resulted in the highest poly-
amine-stimulated readthrough, especially when the UGA was
followed by cytidine (C), the worst context for termination in
mammals (88). These results are consistent with the idea that
polyamines, especially spermidine, interfere with termination
at particularly inefficient stop codons, and this property is
exploited by the unknown sensor of polyamines to promote
OAZ frameshifting. Although the precise molecular mecha-
nism for polyamine stimulation of frameshifting is unclear,
polyamine interaction with rRNA may underlie the two pro-
posed mechanisms. Polyamine binding in the A site may inter-
fere with termination factor function to induce frameshifting
on the minimal frameshift site, whereas polyamine binding in
the polypeptide exit tunnel may mask regulatory interactions
with the nascent peptide in the unusual mechanism described
for the frameshifting of yeast OAZ.

Antizyme inhibitor

AZINs are a group of protein homologs of ODC that have
lost the ability to decarboxylate ornithine but have retained the
ability to bind to OAZ, often with higher affinity than ODC (67,
102–104). AZIN function is to bind and sequester OAZ away
from ODC, thus enhancing the activity of ODC. AZINs have
evolved independently at least three separate times, apparently
through duplication of ODC with a subsequent loss of the de-
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carboxylase activity. Such an event occurred during early ver-
tebrate evolution resulting in AZIN1. Another duplication of
ODC and loss of catalytic activity resulted in the emergence of
AZIN2 in the mammalian lineage (104).

Sequence comparisons of the 5� leaders of vertebrate AZIN1
mRNAs revealed the presence of upstream conserved coding
regions (uCCs) (Fig. 1B) (105). These uCCs lack canonical
translation initiation codons yet encode well-conserved pep-
tide sequences. The uCC of AZIN1 was shown to direct poly-
amine translational regulation of reporters fused downstream
of the 5� leader of the AZIN1 mRNA (105). High levels of poly-
amines inhibit expression of the main ORF (mORF), whereas
low levels of polyamines enhance expression. The polyamine
regulation of AZIN1 depends on both the AUU near-cognate
start codon and the most highly conserved C-terminal 10
amino acids of the uCC. Consistent with the notion that uCC
translation is inversely correlated with mORF translation, poly-
amines were found to enhance initiation at the near-cognate
start codon of a uCC-firefly luciferase reporter (105).

The uCC of AZIN1 evolved early in the animal lineage, and
homologous sequences are widespread in metazoans. However,
in invertebrates, and even some vertebrates, the uCC elements
are most often located on mRNAs encoding ODC, indicating
that the uCC first evolved on the ODC mRNA and was trans-
ferred to AZIN1 as a consequence of the duplication event at
the root of AZIN1 evolution. Notably, the ODC mRNA in
mammals has lost any vestiges of the metazoan ODC/AZIN
uCC, and as discussed above, the mRNA sequences directing
polyamine translational regulation are not known. Careful
examination of uCC sequences from diverse animal species
shows remarkable conservation of the peptide motif PPW
within the C-terminal region of the AZIN1 mRNA that is
required for polyamine regulation. Examination of ODC
mRNA sequences from other eukaryotic lineages, specifi-
cally from fungi, showed that uCC sequences have evolved
independently several times. The fungal sequences fall in
two classes. The first class, like the uCCs in animals, is char-
acterized by a conserved PPW motif. The second class has a
conserved (R)PP-stop motif. Curiously, a PP-stop motif is
also present in the uCC-like uORF of mammalian AZIN2,
which has evolved from a classical uCC but has acquired an
AUG start codon in poor initiation context. The recurrent
selection for PPW and PP-stop motifs in uCC elements sug-
gests that these motifs might play essential roles in the poly-
amine regulation. Consistent with this idea, polyamine re-
pression of ODC (spe-1) synthesis in Neurospora crassa was
shown to depend on nucleotide sequences within the 5�
leader of the spe-1 mRNA (106), which we now know
includes a uCC element (105).

A recent study has defined the mechanism of regulation and
the role played by polyamines and the PPW motif of the AZIN1
uCC more precisely (57). Ribosomal profiling analyses to mon-
itor the positions of ribosomes on mRNAs in cells revealed
enhanced ribosome occupancy on the uCC in the presence of
high polyamines, and this correlated with low translation of
the mORF. In contrast, decreased occupancy of the uCC in the
presence of low polyamines correlated with derepressed
expression and increased ribosome occupancy of the mORF.

One of the codons showing high ribosome occupancy in the
presence of high polyamines is the Trp codon of the PPW motif.
This finding is consistent with a translation elongation pause in
which the second Pro codon occupies the ribosomal P site and
the Trp codon is in the A site. A second pronounced peak in the
ribosomal profiling under high polyamine conditions corre-
sponds to ribosomes pausing at termination codon of the uCC.
Interestingly, mutating either the PP or the W of the PPW motif
significantly impaired regulation by polyamines, although reg-
ulation was completely abolished if a second conserved motif
“PS-stop” was also mutated. Mutating the PS-stop motif alone
had a smaller effect than mutating “PPW.” Notably, in some
organisms either the PPW or the PS-stop motif, but not both, is
conserved.

Translation of PPW motifs is known to be inefficient and to
require the assistance in bacteria of the translation factor EF-P,
which is the homolog of the eukaryotic factor eIF5A. Experi-
ments using fully reconstituted in vitro translation systems
showed that eIF5A is required for the synthesis of the peptide
MEPPWK and that this stimulatory activity of eIF5A was inhib-
ited by increasing concentrations of spermidine. Addition of
excess eIF5A overcame the inhibition by spermidine, suggest-
ing that polyamines and eIF5A compete for a functional site on
the ribosome.

A complete model for polyamine regulation of AZIN1 via its
uCC has been developed (Fig. 1B). Under lower polyamine con-
ditions, most scanning ribosomes skip over the uCC without
translating. These ribosomes then translate AZIN1. The occa-
sional ribosome that translates the uCC disengages from the
mRNA at the uCC stop codon and thus cannot synthesize
AZIN1. Under higher polyamine conditions, the occasional
ribosome that initiates at the weak start site of the uCC pauses
when translating the PPW motif. This pausing is due to poly-
amine inhibition of eIF5A function in translation elongation.
Subsequent scanning ribosomes, most of which will skip over
the weak start site of the uCC, form a queue upstream of the
stalled ribosome on the PPW motif. As the queue lengthens,
eventually a scanning ribosome is positioned in the vicinity of
the uCC start codon, leading to more frequent initiation. The
pausing-induced enhanced utilization of the uCC start codon
and greater translation of the uCC will result in a reinforcing
positive feedback to enhance uCC translation and repress
AZIN1 synthesis.

SAM decarboxylase

Production of decarboxylated SAM, the aminopropyl donor
for the biosynthesis of larger polyamines spermidine and
spermine, is catalyzed by the enzyme AdoMetDC. Like ODC,
OAZ, and AZIN, synthesis of AdoMetDC is regulated at
the translational level. In vertebrates, the mRNA encoding
AdoMetDC contains a short conserved uORF that starts just
13–14 nucleotides downstream of the 5� cap (Fig. 1C) (107,
108). This uORF encodes the peptide MAGDIS, which is abso-
lutely conserved in all sequenced vertebrate AdoMetDC genes.
Although not conserved in the yeast AdoMetDC mRNA, the
MAGDIS peptide mediates polyamine-dependent translational
regulation in yeast (109). Extensive molecular and biochemical
studies have revealed the basic outlines for polyamine regula-
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tion through MAGDIS. Saturation mutagenesis of the last three
codons of the uORF showed that polyamine regulation depends
on aspartic acid at the fourth position and isoleucine, or its
close relative valine, at the fifth position (110). Increased poly-
amine levels lead to enhanced ribosomal stalling during termi-
nation on the uORF, and the amino acids at the fourth and fifth
positions facilitate the most prolonged stall (111–113). How-
ever, elevated polyamine levels were also found to increase
stalling at the termination codon on a mutant peptide sequence
that is otherwise less inhibitory on downstream translation
(111). These results suggest that translation of the MAGDIS
peptide results in inherently inefficient termination that is
exacerbated in the presence of high polyamines. The inefficient
termination and ribosome stalling on the uORF stop codon
may impair reinitiation. In addition, a ribosome stalled at the
stop codon of the MAGDIS uORF will, by virtue of its bulk and
proximity to the 5� end, prevent loading of incoming 40S PICs.
Together, these two effects of polyamines on uORF translation
will block AdoMetDC synthesis. Like OAZ, the molecular sen-
sor of polyamines in regulation via the MAGDIS uORF is not
known.

AdoMetDC is also translationally regulated in plants (114).
In land plants, the 5� leader of AdoMetDC typically contains
two AUG-initiated uORFs. The first uORF is very short, often
just three codons, and its stop codon overlaps the start codon of
a much longer uORF that is about 45– 60 codons in length. The
longer uORF shows some conservation at the amino acid level
with the C-terminal motif PS-stop invariably conserved in land
plants. The mechanism of polyamine translational regulation of
AdoMetDC in plants is presently not known. Deletion of the
tiny uORF by mutating its start codon leads to constitutive
repression. Eliminating both uORFs leads to constitutive dere-
pression. Placing the coding sequence of the longer uORF in a
different reading frame also causes derepression and substan-
tial loss of polyamine regulation. These results suggest that the
tiny uORF may facilitate access to the longer inhibitory uORF
in the presence of polyamines, and conversely, under low poly-
amines the short uORF may deflect ribosomes from translating
the longer uORF. As the longer uORF is less inhibitory if its
amino acid sequence is changed, the nascent peptide might be
contributing to polyamine inhibition in cis. Consistent with this
idea, the PS-stop motif at the C terminus of the long uORF of
plant AdoMetDC was, as described above, also found in the
AZIN1 uCC and shown to confer polyamine regulation (57).
Perhaps, analogous to the PPW motif in elongation, termina-
tion at PS-stop is hyperdependent on eIF5A and thus sensitive
to polyamine inhibition of eIF5A function. AdoMetDC mRNAs
from other evolutionary branches also include conserved
uORFs. The uORF in nematode AdoMetDC mRNAs includes
the absolutely conserved sequence RPP-stop, which is identical
to the absolutely conserved C-terminal sequence of the uCC in
the mRNA of ODC from Pezizomycotina (filamentous fungi)
(61). It is tempting to speculate that the RPP-stop motif
imposes a heightened eIF5A requirement for termination,
especially because eIF5A is known to be required for efficient
translation of poly-Pro stretches.

Conclusion

The polyamine regulation of ODC, OAZ, AZIN, and
AdoMetDC has provided an extraordinary wealth of informa-
tion on the roles of polyamines in translation and revealed new
paradigms for translational control. These translational control
pathways also serve as a testament to the innate ability of poly-
amines to affect different aspects of translation–initiation,
elongation, and termination–which have been harnessed time
and again by the forces of evolution in the regulation of genes in
the polyamine biosynthetic pathway.
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The polyamines spermidine, spermine, and their precursor
putrescine are organic polycations involved in various cellular
processes and are absolutely essential for cellular proliferation.
Because of their crucial function in the cell, their intracellular
concentration must be maintained at optimal levels. To a large
extent, this regulation is achieved through the activity of an
autoregulatory loop that involves two proteins, antizyme (Az)
and antizyme inhibitor (AzI), that regulate the first enzyme in
polyamine biosynthesis, ornithine decarboxylase (ODC), and
polyamine uptake activity in response to intracellular poly-
amine levels. In this Minireview, I will discuss what has been
learned about the mechanism of Az expression and its phys-
ical interaction with both ODC and AzI in the regulation of
polyamines.

The polyamines spermidine, spermine, and their precursor
putrescine perform essential cellular roles, and most notable is
their role in supporting cellular proliferation (1). For maximal
effectiveness, optimal levels of polyamines must be maintained
under varying physiological conditions. This requirement is
fulfilled by tight regulation of key enzymes of their biosynthesis
and catabolic pathways (Fig. 1). The biosynthesis pathway
begins with the conversion of ornithine to putrescine by the
action of ornithine decarboxylase (2). Putrescine is then
converted to spermidine and spermidine to spermine by the
sequential action of the two aminopropyltransferases, spermi-
dine synthase and spermine synthase (3–5). These two enzymes
utilize decarboxylated SAM2 that is generated by the action of
adenosylmethionine decarboxylase on SAM as an aminopropyl
donor (6). Polyamines can be interconverted through the direct
action of spermine oxidase or indirectly by polyamine oxidase
that acts on spermine and spermidine after their acetylation
by spermine/spermidine-N1-acetyltransferase (7–9). Although
the biosynthesis and interconversion pathways can be regu-
lated at several steps, the most notable regulation in this path-
way is that of ODC (Fig. 1).

ODC is active as a loose homodimer that exists in a constant
state of association and dissociation (Fig. 2) (10 –13). The rapid
exchange of ODC subunits is a key trait enabling its regulation

by a unique polyamine-induced protein called antizyme (Az)
(14 –16). Az, a small polyamine-induced protein, is a central
player in an autoregulatory loop that adjusts cellular poly-
amines (Fig. 2) and is found in animalia, fungi, and protista (17).
Az binds ODC subunits with higher affinity than these subunits
display to each other. The formation of the ODC–Az het-
erodimers results not only in the obvious inactivation of ODC
but also in targeting ODC to ubiquitin-independent degrada-
tion by the 26S proteasome (Fig. 2) (18, 19). Polyamines regu-
late the synthesis of Az by stimulating a ribosomal frameshift-
ing (20, 21) that serves as a sensor of cellular polyamines. As a
central element of the autoregulatory loop regulating cellular
polyamine, it is not surprising that Az also negatively regulates
polyamine uptake activity (Fig. 2) (22–24) via a yet unresolved
mechanism. The term Az relates to a family of three members
and a putative fourth member, termed Az1, Az2, Az3, and Az4
(17, 25). Interestingly, Az itself is regulated by another protein
termed antizyme inhibitor (AzI) that is highly homologous to
ODC but lacks ornithine-decarboxylating activity (Fig. 2) (26).
A high concentration of polyamines represses AzI expression
by promoting the expression of an upstream open reading
frame (ORF) initiated at a noncognate codon (27, 28).

Az is expressed via a polyamine-stimulated ribosomal
frameshift

Az proteins are encoded by partially overlapping ORFs. A
unique process of ribosomal frameshifting is required to fuse
these two ORFs to produce a completely functional Az protein
(20, 21). The first short ORF is terminated by an in-frame ter-
mination codon, whereas the functional Az protein is encoded
predominantly by the second long ORF. Therefore, the trans-
lating ribosomes must be subverted from the first to the second
ORF via a rather inefficient frameshifting that is stimulated by
polyamines. The frameshifting site is composed of an essential
stop codon and a preceding triplet that in most cases is UCC.
The ribosome encountering the UCC codon shifts to the �1
frame (Fig. 3) (21). Interestingly, although when tested all three
stop codons are equally efficient (20, 21, 29), in the vast majority
of cases UGA is the stop codon that ends ORF1. Frameshifting
efficiency is enhanced by recoding signals that are part of the
RNA located both 5� and 3� to the frameshifting site (Fig. 3)
(30). The 5�-stimulatory segment that is composed of about 50
nucleotides can be divided into three modules whose conserva-
tion and importance increase toward the stop codon (Fig. 3)
(17, 20, 21). 3� to the stop codon, one finds a stimulatory pseu-
doknot and a nucleotide supporting the least efficient termina-
tion located just 3� to the stop codon (Fig. 3) (17).
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Interestingly, in the budding yeast Saccharomyces cerevisiae,
the recoding signals actually reduce the otherwise high-effi-
ciency frameshifting (31). It was demonstrated that the nascent
Az polypeptide acts in cis as a polyamine sensor that negatively
regulates frameshifting. When the polyamine concentration is
low, the growing polypeptide inhibits downstream translation,
whereas the increased concentration permits completion of
Az’s translation (31). A combined regulation of frameshifting

by the growing polypeptide and by the nucleotide sequence of a
3�-stimulator was also demonstrated (32).

A family of Az proteins

Mammalian cells contain a family of Az proteins. There are
three well-characterized paralogs: Az1, Az2, and Az3 and a less
characterized putative member termed Az4 (25). Two of these
members, Az1 and Az2, are ubiquitously expressed; however,
Az2 is expressed to much lower levels (33). Nevertheless, Az2
displays higher evolutionary conservation compared with Az1,
perhaps suggesting added functional value. Although Az1 tar-

Figure 1. Biosynthesis and interconversion of polyamines. The abbrevia-
tions used are as follows: SAMDC, SAM decarboxylase; SSAT, spermidine/
spermine N1-acetyltransferase; SMO, spermine oxydase; PAO, polyamine
oxydase.

Figure 2. Regulation of ODC degradation. ODC is a loosely bound homodimer that easily dissociates into monomers. ODC is the first in a chain of enzymes
involved in the synthesis of polyamines. Polyamines stimulate a �1 frameshifting event leading to the synthesis of active Az. Az, which has a higher affinity for
ODC monomers compared with the affinity ODC monomers have to each other, traps them and delivers them to the 26S proteasome where they are
recognized and degraded without requiring ubiquitination. Az is not degraded while delivering ODC to the proteasome. Instead, it is released to support
another round of ODC degradation or is independently degraded by the proteasome in a ubiquitin-dependent process. Az also inhibit polyamine uptake via
a yet unresolved mechanism. Az functions are negated by AzI, a monomeric nonfunctional homologue of ODC, whose synthesis is repressed by polyamines
that stimulate translation of an upstream ORF. Like Az, AzI is also subjected to ubiquitin-dependent proteasomal degradation.

Figure 3. Synthesis of Az. Translation of Az mRNA initiates at one of two
in-frame initiation codons. The longer form harbors a mitochondrial localiza-
tion signal. The scanning ribosome encounters a stop codon at the end of
ORF1, completing translation of the first ORF (ORF1). The sequence around
this stop codon mediates the ribosomal shift to the �1 frame to translate
ORF2 that encodes the mature functional Az. The increase in the free intracel-
lular concentration of polyamines stimulates this frameshifting event.
Sequences located 5� and 3� to the frameshifting site stimulate frameshifting
efficiency.
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gets ODC to degradation both in vivo and in vitro, Az2 inacti-
vates ODC in both systems but fails to support its degradation
in vitro (34, 35). This difference was attributed to Arg131 and
Ala145, whose simultaneous conversion to Asp severely inhib-
ited in vitro activity of Az1 (36). The third member, Az3 appears
to be tissue-specific being expressed predominantly in testis
during certain stages of spermatogenesis (37, 38). Although the
frameshifting sequence UCCUGA is present in all three Az pro-
teins, the 3�-recoding pseudoknot is not found in Az3 (37). All
three Az proteins inhibit ODC activity and polyamine uptake;
however, Az3 fail to stimulate ODC degradation (35). However,
this should be tested in cells that naturally express Az3, as it was
suggested that the physiological role of Az3 is to prevent over-
accumulation of ODC after the stage of spermatogenesis at
which it is required (37).

Translation of Az1 is initiated at two in-frame initiation
codons resulting in the synthesis of two isoforms (Fig. 3) (39).
The second AUG is utilized more efficiently because it is
located within an optimal consensus sequence for translation
initiation. The longer form is localized in the mitochondria as
the segment located between the two initiation codons contains
a mitochondrial localization signal (Fig. 3) (39). The mitochon-
drial localization signal is missing in Az2 and in Az3 (37).

Antizyme inhibitors

Remarkably, Az is itself regulated by a protein termed AzI.
AzI is highly homologous to ODC, but it retains no ornithine-
decarboxylating activity (26, 40). Several independent reasons
were suggested to account for the lack of ornithine-decarboxy-
lating activity. AzI fails to form homodimers under physiolog-
ical conditions (41), most likely due to differences in four amino
acids from the dimer interface (42). This prevents the forma-
tion of an active site that in the case of ODC is located at the
interface between the interacting subunits (13). In addition, AzI
does not bind pyridoxal phosphate, an essential co-factor of
ornithine decarboxylase (41). The affinity of AzI to Az is signif-
icantly higher than that of ODC, and therefore it rescues ODC
from interaction with Az and degradation (26, 44, 45). In addi-
tion to the monomeric nature of AzI that makes it more avail-
able for interaction with Az, it was suggested that residues 125
and 140 from the Az-binding site are responsible for its higher
affinity to Az (46). The ability of AzI to save ODC from degra-
dation is emphasized by the observed elevation of ODC and of
polyamine uptake activity in AzI-overexpressing cells (47).
Moreover, these changes result in increased growth rate,
growth in low serum, anchorage-independent growth in soft
agar, and tumor development when injected into nude mice.

A second ODC-related protein, initially called ODC-like or
ODCp (48, 49), was eventually characterized as AzI and named
AzI2 (48 –52). The originally identified AzI, AzI1, is ubiqui-
tously expressed in rapidly proliferating cells, and AzI2 is
expressed predominantly in differentiated testicular and neural
cells and in secretory cells of various tissues (48, 53–57). A third
member of the ODC family that was recently suspected as an
additional AzI was eventually demonstrated as a leucine decar-
boxylase (58).

Degradation of Az and AzI

Az arrives to the 26S proteasome together with ODC. However,
although ODC is degraded, Az is spared and is recycled to support
additional rounds of degradation (Fig. 2) (59), or it is subjected to
ubiquitin-dependent degradation (60). In yeast, polyamines not
only stimulate Az synthesis by promoting frameshifting, but they
also inhibits its ubiquitin-dependent degradation (61).

As AzI is highly homologous to ODC, it is not surprising that
it is also a rapidly degrading protein. However, like Az, its deg-
radation is ubiquitin-dependent and is not stimulated by Az
(62). Actually, interaction with Az stabilizes AzI, apparently by
inhibiting its ubiquitination (Fig. 2) (62). The long-term destiny
of the AzI–Az complex is not presently known.

Interaction of Az with ODC and AzI

Two elements of a protein are required for its proteasomal
degradation. The first is a segment mediating its recognition by
the proteasome. Usually such segment mediates polyubiquiti-
nation of the target protein mediating its recognition by the
proteasome. The second is an unstructured region that enables
the initial penetration of the protein into the proteolytic cavity
of the proteasome (63, 64). Two segments of ODC were dem-
onstrated to be required for its ubiquitin-independent degrada-
tion (65–68). One region containing amino acids 117–140
serves as the Az-binding site. The second is the most C-termi-
nal segment encompassing amino acids 424 – 461 that appear
to act as a degron, as it can be appended to stable proteins
imposing on them rapid degradation (65, 66, 69 –71). In most
rapidly degraded proteins, the recognition and infiltration
regions are physically separated. In the case of ODC, it was
originally thought that both are harbored within the unstruc-
tured C-terminal segment (72, 73). Interestingly, in its native
context the C-terminal segment functions rather inefficiently
unless ODC interact with Az. It was suggested that the C-ter-
minal region is buried within the structure of the native dimeric
ODC and becomes exposed upon interaction with Az (74, 75).
However, more recent structural studies suggested that interac-
tion with Az does not alter the structure of the most C-terminal
segment of ODC, but rather it changes the structure of an adjacent
segment encompassing amino acids 395–421 that might be
involved in mediating the recognition of the ODC–Az complex by
the proteasome (76, 77). Compatible with this possibility is the
demonstration that the ODC mutant lacking amino acids 424–
461 interacts efficiently with the proteasome but remains stable
(77). It was therefore suggested that amino acids 395–421 mediate
recognition by the proteasome, whereas amino acids 424–461 ini-
tiate the entrance into the proteasome.

Like ODC, Az also contains two segments required for stim-
ulating ODC degradation: a large C-terminal segment that
mediates binding to ODC, and an N-terminal segment that
stimulates the degradation (19, 34, 78). The close proximity of
the proteasome recognition segment of ODC to Az (77) may
suggest that segment of Az together with a segment of ODC
constitute a complete recognition signal.

The C-terminal segment of AzI does not display significant
homology to the C-terminal segment of ODC. Nevertheless,
AzI is rapidly degraded in a ubiquitin-dependent manner.
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Because interaction with Az interferes with its ubiquitination
(62), it was suggested that this interaction imposes conforma-
tional changes that interfere with the ubiquitination process.
Because the potentially ubiquitinated lysine residues of AzI are
not masked by interacting with Az, it was suggested that this
interaction may interfere with the recognition of AzI by the
relevant E3 enzyme (77).

Az and AzI and cellular proliferation

ODC was suggested to act as an oncogene as its forced
expression leads to cellular transformation (79). Az was sug-
gested to function as a tumor suppressor (80). Because the syn-
thesis of Az is completely dependent on the cellular concentra-
tion of polyamine, its involvement in regulating components of
the polyamine biosynthesis pathway is rather obvious. How-
ever, several studies raised the possibility that Az may target the
degradation of some proliferation-related proteins that are
alien to the polyamine metabolic pathway. This includes cyclin
D1, Smad1, Aurora-A, and a p73 anti-apoptotic variant (81–
84). However, the observation that massive overexpression of
Az does not inhibit proliferation of cells expressing trypano-
somal ODC, a form of ODC that is refractory to Az action,
suggests that these proteins are not efficient targets of Az (85).
Furthermore, some of these proteins remained stable in an in
vitro degradation assay, whereas Az stimulated the degradation
of co-incubated ODC. Recently, it was reported that under spe-
cific conditions Az2 stimulates nuclear ubiquitin-independent
degradation of c-Myc (86).

Various studies suggested that AzI expression is elevated in
several types of tumors (87–90), suggesting that AzI may act as
an oncogene (80). Compatible with this suggestion are the
observations that overexpression of AzI in NIH3T3 cells
resulted in their transformation (47), and suppression of AzI
levels decreased cell proliferation (91, 92). AzI can be even more
effective than ODC in stimulating cellular proliferation and
transformation as its overexpression stimulates both ODC and
polyamine uptake activity. Furthermore, recent studies have
demonstrated that increased A-to-I RNA editing of AzI leads to
a gain-of-function phenotype leading to more aggressive tumor
behavior (43, 93–96). In one of these cases, the reported editing
resulted in amino acid substitution yielding a protein with
enhanced ability of neutralizing Az functions (93).

Conclusions

The recent characterization of the physical interactions of Az
with ODC and AzI emphasized the need to further investigate
the interaction of Az with ODC and AzI and the mechanism of
recognition of ODC by the proteasome, including the identifi-
cation of the proteasomal subunits involved in the recognition
of ODC. Attention should be also given to resolving the
mechanism by which Az and AzI are recognized by the ubiq-
uitin system and to the mechanism by which Az regulates
polyamine uptake. Of great interest will be the determina-
tion of the structural reason that despite their similarity
drives AzI and ODC to ubiquitin-dependent and -indepen-
dent degradation, respectively.
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Polyamines (PAs) are indispensable polycations ubiquitous to
all living cells. Among their many critical functions, PAs con-
tribute to the oxidative balance of the cell. Beginning with stud-
ies by the Tabor laboratory in bacteria and yeast, the require-
ment for PAs as protectors against oxygen radical–mediated
damage has been well established in many organisms, including
mammals. However, PAs also serve as substrates for oxidation
reactions that produce hydrogen peroxide (H2O2) both intra-
and extracellularly. As intracellular concentrations of PAs can
reach millimolar concentrations, the H2O2 amounts produced
through their catabolism, coupled with a reduction in protective
PAs, are sufficient to cause the oxidative damage associated with
many pathologies, including cancer. Thus, the maintenance of
intracellular polyamine homeostasis may ultimately contribute
to the maintenance of oxidative homeostasis. Again, pioneering
studies by Tabor and colleagues led the way in first identifying
spermine oxidase in Saccharomyces cerevisiae. They also first
purified the extracellular bovine serum amine oxidase and elu-
cidated the products of its oxidation of primary amine groups of
PAs when included in culture medium. These investigations
formed the foundation for many polyamine-related studies and
experimental procedures still performed today. This Minire-
view will summarize key innovative studies regarding PAs and
oxidative damage, starting with those from the Tabor laboratory
and including the most recent advances, with a focus on mam-
malian systems.

Polyamines (PAs)2 are naturally occurring polycationic alkyl-
amines that are essential for growth and survival in all mamma-

lian cells (1, 2). This absolute requirement is based on the mul-
titude of roles PAs play, many of which relate to their positive
charge at physiological pH. PAs, including putrescine (Put),
spermidine (Spd), and spermine (Spm) (Fig. 1), contribute to
critical cellular processes such as ion channel regulation, chro-
matin structure maintenance, DNA replication, transcription,
and translation (3–6). They also act as free radical scavengers,
and their catabolism can be a source of toxic reactive oxygen
species (ROS), therefore implying their potential to affect
oxidative status. The main purpose of this Minireview will be
to cover the salient features of PAs and their catabolism in
association with oxidative stress in both normal and disease
processes.

Contributions of polyamines to cellular redox balance

Oxidative stress occurs when ROS, such as those derived
from hydrogen peroxide (H2O2), exceed the physiological
levels required for normal redox reactions and cell signaling.
The resulting oxidative damage to macromolecules is asso-
ciated with aging and a variety of related pathologies, includ-
ing cancer (7, 8). PAs play dual roles in maintaining cellular
oxidative homeostasis by both protecting against free
radical–mediated damage and acting as substrates for
enzymes that produce ROS.

Polyamines as protection from oxidative damage

Polyamines protect against oxidative damage in micro-
organisms—The natural PAs are themselves capable of acting
as free radical scavengers (9 –12) and protect against oxidative
damage of DNA and phospholipids in cell-free systems (13–
15). These properties extend to bacteria and yeast, where Tabor
and colleagues first demonstrated a protective role for PAs
against oxidative damage in vivo. Spd-deficient Escherichia coli
cells were hypersensitive to paraquat in the presence of oxygen,
suggesting that Spd reduced superoxide-associated cell death
(16). In subsequent studies, E. coli mutants lacking PAs were
extremely susceptible to ROS toxicity when grown in 95% oxy-
gen or exposed to H2O2 (17). These data were among the first to
demonstrate polyamine-mediated protection against oxygen
radicals.
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The polyamine modulon of E. coli comprises a growing col-
lection of genes that are stimulated by PAs at the level of trans-
lation (18). Recently, this modulon was expanded to include
polyamine-inducible genes specific to oxidative stress condi-
tions, including those governing the synthesis of superoxide
dismutases (SODs), glutathione (GSH), and catalases (19, 20).
Thus, in addition to the direct effects of PAs on ROS in E. coli,
PAs can stimulate the expression of proteins essential to an
effective antioxidant response.

Saccharomyces cerevisiae mutants lacking Spd and Spm
also require exogenous PAs for protection against ROS, even
in the presence of SOD overexpression (21, 22). Microarray
studies comparing Spm-deficient yeast mutants containing
low levels of Spd with those supplemented with Spd revealed
that Spd altered the expression of at least 500 genes greater
than 2-fold, including several oxidative stress-response
genes (23). Recently, the S. cerevisiae polyamine exporter
Tpo1 was discovered to participate in the oxidative stress
response by modulating intracellular Spd and Spm levels in
response to H2O2, thereby invoking the production of pro-
teins necessary for oxidant tolerance, including SODs and
heat shock proteins, governing the duration of cell cycle
arrest, and allowing adaptation to elevated H2O2 levels (24).

In addition to the unmodified PAs, polyamine conjugates
have been implicated in protection from oxidative stress. Glu-
tathionylspermidine (Gsp) was first identified in E. coli by the
Tabors in 1974 (25) and was later found to be a source of Spd for
the bacteria upon the induction of growth from stationary phase
(26). Glutathionylspermidine synthetase/amidase (GspSA) cata-
lyzes both the formation and removal of an amide bond between
GSH and Spd to govern Gsp abundance (27). The amidase domain
of GspSA is sensitive to inactivation by oxidation, resulting in Gsp-
modified proteins, including Gsp disulfides and protein thiols (28).
These data are consistent with the hypothesis that the formation/

hydrolysis of Gsp represents an oxidative stress mechanism that
contributes to the maintenance of redox homeostasis in E. coli.

Confirmation of a role for GSH–Spd conjugates in redox
reactions came with the discovery of trypanothione (N1,N8-
bis(glutathionyl)spermidine), a cofactor for trypanosomatid
GSH reductase (29). As an important mediator of redox balance
in pathogenic trypanosomes, including those responsible for
human African trypanosomiasis, leishmaniasis, and Chagas’
disease, the generation, use, and redox recycling of trypano-
thione have become targets for antitrypanosomal drug devel-
opment (30). Additionally, Spd and Spm protect against free
radical–mediated lipid peroxidation in Trypanosoma cruzi
(31).

Protective effects of polyamines against oxidative stress in
mammalian cells—Spm and Spd also protect mammalian cells
against ROS-mediated damage, and depletion of these PAs is
known to arrest cellular growth. The Gy11 embryonic fibro-
blast cell line is deficient in Spm due to a mutation in the Spm
synthase gene (32). These cells are more sensitive to the cyto-
toxic effects of H2O2 than their normal counterparts, and fur-
ther depleting their PA levels induces DNA damage and apo-
ptosis even in the absence of H2O2. Using combinations of
enzyme inhibitors to adjust the intracellular Spd and Spm
concentrations of these cells to within normal physiological
ranges protected fibroblasts from H2O2 exposure. Additionally,
depleting cellular GSH further sensitized PA-depleted cells to
H2O2, indicating the involvement of PAs in a protective mech-
anism against ROS independent of GSH (33).

Oxidative stress activates translocation of the transcription
factor NRF2 (nuclear factor (erythroid-derived 2)-like 2), which
then stimulates expression of genes involved in the antioxidant
response. Evidence suggests that NRF2 also regulates PA bio-
synthesis by inducing ornithine decarboxylase activity in
response to oxidative stress, thereby elevating PA levels to
potentially aid in the antioxidant response (34). However, acti-
vated PA catabolism through spermidine/spermine N1-acetyl-
transferase (SSAT), another transcriptional target of NRF2,
also occurs in response to ROS, perhaps to limit tumor-pro-
moting PA accumulation (34 –36).

Polyamine catabolism as a source of ROS

Intracellular mammalian polyamine catabolism—Mamma-
lian PA catabolism consists of highly regulated, inducible path-
ways that facilitate cellular PA homeostasis. It serves to balance
PA transport and biosynthesis to maintain intracellular PAs
within a cell type-specific range that is optimal for cellular func-
tion and proliferation. Mammalian PA catabolism has two dis-
tinct but interconnected pathways (Fig. 1), both of which con-
tain oxidases that generate ROS in the form of H2O2.

The originally discovered catabolic mechanism is a two-step
process, where Spd and Spm are acetylated in their N1 positions
by the highly-inducible SSAT (37–39). N1-Acetylated PAs are
either excreted from the cell or oxidized by peroxisomal
N1-acetylpolyamine oxidase (PAOX), resulting in H2O2, 3-ace-
toamidopropanal, and Put or Spd, depending on the starting
substrate (40 –43). Pharmacological superinduction of SSAT as
a chemotherapeutic strategy has antitumor effects through

Figure 1. Polyamine catabolic pathway in mammals. SSAT catalyzes the
acetyl-group transfer from acetyl-CoA to the aminopropyl end of spermidine
or spermine, producing N1-acetylspermidine or N1-acetylspermine, respec-
tively. These acetylated PAs are either excreted from the cell or used as sub-
strates for PAOX, producing H2O2, 3-acetoamidopropanal, and either putres-
cine or spermidine, depending on the starting substrate. Alternatively,
spermine can be directly oxidized back to spermidine by SMOX while gener-
ating H2O2 and 3-aminopropanal.
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depletion of the natural PAs needed for basic cell functions
(44, 45).

Spm can also be directly oxidized by Spm oxidase (SMOX;
PAOh1) to produce H2O2, 3-aminopropanal (3-AP), and Spd
(46, 47). Localized in the cytoplasm and nucleus of mammalian
cells (48, 49), SMOX is highly inducible by many of the same
stimuli that induce SSAT (46, 50). Thus, the H2O2 produced by
SMOX has greater potential for producing genetic damage than
that produced by PAOX, which, when produced in a normally
functioning peroxisome, is in the presence of catalase. As Spm
can exist in millimolar concentrations within the cell (1), the
release of H2O2 via this pathway in circumstances of up-regu-
lated SMOX activity is sufficient to evoke oxidative stress, par-
ticularly in the form of oxidative DNA damage. Furthermore,
the 3-AP generated by SMOX spontaneously converts into the
highly reactive and toxic unsaturated aldehyde acrolein (51,
52). Notably, the S. cerevisiae amine oxidase Fms1 also directly
oxidizes Spm to Spd and was first described by the Tabor lab
(53).

Recent studies have suggested a role for SSAT in the p53-
mediated ferroptotic response to ROS stress, an iron-depen-
dent, nonapoptotic mode of cell death characterized by
accumulation of lipid ROS at the cell membrane. Activation
of p53 by DNA-damaging agents induces SAT1, a direct tar-
get of p53, resulting in the induction of arachidonate 15-li-
poxygenase, lipid peroxidation, and cell death. This SAT1
induction ultimately sensitizes the cells to ferroptosis in the
presence of ROS, manifesting as tumor suppression in xeno-
graft models. Similarly, in embryonic fibroblasts from p53
WT or p53 acetylation-deficient mutant mice, which retain
the ability to stimulate ferroptosis, Sat1 expression is
induced by p53 activation, and Sat1 knockdown partially
prevents ferroptotic cell death. The results of these studies
propose a tumor-suppressive role for p53-mediated SSAT by
promoting ferroptosis (54).

Extracellular polyamine oxidases—In the early 1950s, it was
reported that the addition of Spm or Spd to certain culture
conditions was growth inhibitory to mycobacteria (55, 56).
These studies led to the discovery of the first soluble amine
oxidases (57). Crude preparations of sheep serum amine oxi-
dase allowed kinetic studies indicating oxidative deamination
of Spm and Spd at rates greater than 10-fold that of other
amines and concluded that this oxidative “activation” of the
PAs was responsible for their antibacterial effects (58). Tabor
and colleagues purified a soluble amine oxidase from bovine
plasma, bovine serum amine oxidase (BSAO), that had sub-
strate specificity for Spm and Spd and catalyzed the stoichio-
metric formation of their corresponding aldehydes, ammonia,
and H2O2 (Fig. 2) (59, 60). Subsequent studies revealed that the
reaction by-products of Spm or Spd with BSAO were highly
toxic to E. coli, Staphylococcus aureus, bacteriophages, and
mammalian spermatozoa and caused immotility in Trypano-
soma equiperdum (61, 62).

Many studies have since concluded that adding Spd or Spm
to mammalian cells in the presence of bovine serum results in
extracellular oxidation of the PA and growth inhibition due to
the oxidation products, not the exogenous PA (63–66). Studies
testing the inhibitory effects of Spm, Spd, their aldehyde reac-

tion products (which can convert to acrolein), and H2O2 in
mammalian cell lines have indicated major roles for acrolein
and H2O2 in the cytotoxic responses (51, 67– 69), and in most
systems, treatment with aldehyde dehydrogenase inhibitors
and catalase together yielded protection from cytotoxicity (70,
71). Therefore, caution must be used when interpreting results
involving PA treatment of cells in culture, particularly with
regard to cellular processes involving ROS, such as autophagy.
As virtually all of the mechanistic studies reported in mamma-
lian cells regarding the role of PAs in autophagy were per-
formed with high concentrations of PAs in medium containing
bovine serum (72), the published interpretation of these studies
is likely in error.

Early in vivo pharmacological studies in the Tabor lab pro-
vided evidence of Spm degradation to Spd following intraperi-
toneal injections of Spm in rabbits, mice, and rats, suggesting
the presence of a BSAO-like enzyme in laboratory animals
(61). In humans, extracellular oxidation of PAs and acetylpoly-
amines has been measured in plasma from patients suffering
from cerebral stroke or chronic kidney disease (73, 74). Plasma
amine oxidase activity in renal failure patients correlated with
the severity of disease, reduction of Spm and Spd levels, and
acrolein accumulation. Oxidation of Spm was inhibited in
plasma of all patients examined using a common polyamine
oxidase inhibitor; however, a copper-containing oxidase inhib-
itor, semicarbazide, inhibited Spm degradation in half of the
patients. These data suggest the presence of a human extracel-
lular, soluble, and semicarbazide-sensitive amine oxidase
(SSAO) capable of oxidizing Spm (74).

Recent ocular research implicates vascular adhesion protein
(VAP1/SSAO/AOC3)–mediated oxidation of Spm in the
pathology of proliferative diabetic retinopathy (PDR) (75).
Chronic inflammation and oxidative stress contribute to this
pathology, and like BSAO, VAP1 oxidizes primary amines to
generate H2O2, ammonia, and aldehydes capable of forming
acrolein (76). Soluble VAP1 protein levels and acrolein adducts
are increased in the vitreous fluid of patients with PDR, where
PA levels are also elevated (77). This potential of VAP1 as an
extracellular PA oxidase has implications for pathologies
and/or treatment opportunities beyond the eye that warrant
further evaluation and underscore the need for cautious exper-
imental design and interpretation when considering the admin-
istration of natural PAs.

Figure 2. Extracellular polyamine oxidation. BSAO oxidizes the terminal
aminopropyl nitrogens of spermine or spermidine (shown) to produce H2O2,
ammonia, and the corresponding amino aldehydes.
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Physiological effects of polyamine-associated oxidative
stress

Conditions that cause the release of free PAs, such as changes
in the macromolecules to which PAs are bound, can stimulate
PA catabolism through oxidation, resulting in the generation of
ROS while lowering the abundance of free PAs available to
serve in an antioxidant capacity (15). Consequently, elevated
levels of free PAs are associated with a number of pathologies,
including cancer, neurological disorders, stroke, and kidney
dysfunction.

Infection and chronic inflammation-induced spermine
oxidation

SMOX is induced by a variety of stimuli, including the
inflammatory cytokines tumor necrosis factor-�, interleukin-
1�, and interleukin-6 (78). As chronic inflammation contrib-
utes to the carcinogenic process through the generation of
ROS, evidence from multiple models suggests that increased
Spm oxidation serves as a molecular mechanism linking inflam-
matory stimuli to cancer initiation and/or progression through
increased H2O2 generation and reduced Spm levels (Table 1)
(79 –82). The accumulation of genetic and epigenetic changes is
a hallmark of cancer, and unrepaired DNA damage resulting
from ROS exposure can cause mutations in driver genes that
contribute to carcinogenesis. H2O2-induced DNA damage that
occurs during chronic inflammation also contributes to epige-
netic changes involving DNA methylation and histone modifi-
cation patterns, which reduce or silence the expression of
tumor suppressor genes (83). Thus, sub-lethal, chronically ele-
vated SMOX increases the likelihood of mutagenic and epige-
netic changes associated with cancer.

Helicobacter pylori infection—H. pylori colonization of the
stomach mucosa often persists for decades and causes chronic
inflammation in the form of gastritis and peptic ulcers. In
infected gastric epithelial cells, SMOX induction causes a
chronic, low level of oxidative stress that has been directly
linked to H2O2-dependent DNA damage without the induction
of apoptosis or cell death (82, 84). SMOX expression is
increased in gastric tissues from all stages of gastritis through
carcinoma, relative to normal gastric mucosa, but is most
highly expressed in the high-grade precursor lesion intestinal
metaplasia (84). In H. pylori-positive gastritis patients living in
geographically isolated high-risk versus low-risk regions of
Colombia, SMOX was identified as the key factor influencing
the progression to gastric cancer in high-risk regions (85). Fur-
ther studies of these populations revealed differential expres-
sion of microRNA-124 that targets the 3�-UTR of SMOX and
limits its translation. Analysis of DNA from the gastric mucosae
of the Colombian patients revealed significantly higher levels of
miR-124 gene methylation in those patients considered at high

risk for progression to gastric cancer, consistent with the low
expression levels of the mature miR-124 and unregulated pro-
duction of SMOX activity in response to H. pylori infection
(86). This uncontrolled production of ROS from SMOX com-
bined with decreased levels of Spm for protection increases the
likelihood of additional genetic and epigenetic changes in a
potential feed-forward loop.

Enterotoxigenic Bacteroides fragilis infection—The induction
of SMOX has also been observed following infection with
Enterotoxigenic B. fragilis (ETBF), a colitis-inducing bacterium
that is positively correlated with the development of colorectal
cancer (CRC). Detection of the secreted virulence factor of
ETBF, B. fragilis toxin, is an early marker for colon carcinogen-
esis that has been positively associated with early colonic neo-
plasms, particularly tubular adenomas and low-grade dyspla-
sias biopsied from the left side of the colon (87). ETBF has been
referred to as an “�-bug” or “driver” bacteria in CRC. While the
toxin itself induces DNA damage, the host responds to infec-
tion with the production of ROS, cytokines, and chemokines,
thereby producing an environment with an altered mucosal
immune response and bacterial community that further poten-
tiates oncogenesis (88 –90). Using the multiple intestinal neo-
plasia mouse model of ETBF-induced colitis, a role for SMOX
was identified in the accumulation of ROS-mediated DNA
damage and subsequent development of colon carcinogenesis
(80). Pharmacological inhibition of PA oxidation in ETBF-in-
fected mice decreased intestinal inflammation, aberrant prolif-
eration, and tumor number. In this same model, ROS resulting
from ETBF infection caused recruitment of DNA-modifying
enzymes to regions of DNA damage, resulting in epigenetic
changes associated with aberrant tumor suppressor gene
silencing (83).

More recently, levels of ETBF in paired biopsies of human
primary CRCs and adjacent normal tissues were correlated
with expression levels of PA metabolism genes. Both c-MYC
and SMOX expression levels were increased in 80% of CRC
tissues, with the greatest expression of SMOX observed in stage
I and II cancers. Although the majority of patients were colo-
nized with ETBF, the level of colonization was generally low,
with the highest levels in earlier disease stages (92). These
results are in line with those suggesting important roles for
SMOX and ETBF in early stages of neoplasia and indicate that
SMOX may remain elevated in the absence of ETBF.

Other inflammation-associated cancers—Elevated SMOX
expression has also been documented in precancerous inflam-
matory conditions in the absence of infection. A tissue microar-
ray of human prostate biopsies revealed the highest SMOX
immunostaining in precursor prostatic intraepithelial neopla-
sia (PIN) lesions. This study also concluded that men who have
developed PIN or prostate cancer have higher SMOX expres-

Table 1
Cancers associated with induction of SMOX activity during chronic infection and/or inflammation

Pathogen
SMOX-associated inflammatory

condition Precursor lesion
Associated
carcinoma Refs.

H. pylori Gastritis/peptic ulcer Intestinal metaplasia Gastric 84
Enterotoxigenic B. fragilis Colitis, inflammatory bowel disease Left-sided tubular adenomas and low-grade dysplasias Colorectal 80, 92
Undetermined Prostatitis Prostatic intraepithelial neoplasia Prostate 81
Hepatitis C virus Chronic hepatitis Undetermined Hepatocellular 79, 93
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sion levels in benign prostate epithelium than men who have
not had these lesions, suggesting increased SMOX as a risk
factor for prostate carcinogenesis (81). Similarly, a recent study
demonstrated increased SMOX expression in hepatic tissue
from patients with chronic hepatitis. SMOX staining was fur-
ther increased in hepatocellular carcinoma tissues and was pos-
itively correlated with poorer overall survival and relapse-free
survival (93). Hepatitis is typically associated with hepatitis B or
C virus infection and fibrosis, and recent in vitro studies have
indicated that hepatitis C virus induces SMOX activity in hep-
atoma cells (79), suggesting a role for SMOX in hepatocellular
carcinogenesis.

Immunomodulation through polyamine oxidation

In vitro studies have suggested that one way H. pylori infec-
tion alters the immune response is by highly inducing SMOX in
macrophages, leading to their dysfunction and death and cre-
ating a permissive environment that allows for chronic infec-
tion (94). Recently, the effect of SMOX activity on immuno-
modulation was studied in mouse models of colitis due to
pathogenic infection or epithelial injury-associated inflamma-
tion. SMOX is up-regulated in patients with ulcerative colitis
and inflammatory bowel disease due to its high expression in
infiltrating mononuclear cells, rather than colonic epithelial
cells (95). In WT mice, infection with Citrobacter rodentium
increased cytokine and chemokine levels and inflammatory cell
infiltration in association with histological injury and mucosal
hyperplasia, and these changes were diminished in SMOX
knockout mice. Conversely, when colon inflammation resulted
from administration of dextran sulfate sodium (DSS), SMOX
knockout mice displayed increased histological damage and
cytokine expression beyond that of DSS-treated WT mice, with
more frequent colitis-associated mortality. These data suggest
that in the context of infection, the regulation of intracellular
polyamine levels by SMOX serves an immunomodulatory func-
tion, while in the setting of colitis associated with epithelial
injury, SMOX-generated Spd may serve a protective role (96).

Ischemia/reperfusion injury

Ischemia reperfusion injury (IRI), physical trauma, and tox-
ins induce PA catabolism through SSAT and SMOX in multiple
organs, leading to tissue damage (73, 97–101). SSAT, in partic-
ular, plays a significant role in promoting kidney and liver dam-
age in IRI (102), and conditional knockout of SSAT in proximal
tubule epithelial cells, where the primary effects of IRI manifest,
decreases renal damage severity via reductions in both PAOX
and SMOX activities. Increasing SSAT expression in kidney
cells caused increased mitochondrial damage, stimulating apo-
ptosis and suggesting PA oxidation as a source of oxidative
stress (103). Knockout of SSAT in mice or pharmacological
inhibition of PA oxidation during IRI demonstrated that PA
catabolism contributes to activation of the innate immune
response, increasing inflammation and apoptosis at the site of
injury. It therefore appears that PA catabolism functions in the
initial injury as well as furthering damage via immunomodula-
tion (103).

Snyder-Robinson syndrome

Snyder-Robinson syndrome (SRS), an X-linked mental retar-
dation syndrome resulting from loss-of-function mutations in
the Spm synthase gene, biochemically results in accumulation
of high intracellular Spd levels and a near-complete lack of Spm
(104). A recently developed Drosophila model of SRS suggests a
role for increased Spd catabolism and the toxic metabolites it
produces in establishing oxidative stress and lysosomal defects
in the Drosophila nervous system, resulting in altered mito-
chondrial function and impaired autophagy that are also
observed in affected SRS patient cells. ROS were highly elevated
in the brains of mutant flies, and antioxidant therapies partially
restored mitochondrial function, suggesting that increasing
antioxidant capacity may be beneficial for SRS patients (105).

Therapeutic opportunities

Inhibition of polyamine oxidation

SMOX shares significant homology with PAOX as well as the
histone-modifying enzyme lysine-specific demethylase-1 (106).
As the crystallization of SMOX has eluded many attempts, the
development of a specific inhibitor for SMOX alone has been
challenging. However, studies with existing inhibitors and
genetic manipulation of SMOX indicate it is an attractive
therapeutic target for multiple pathologies. Most notably,
the apparent role for SMOX induction in the development of
epithelial cancers suggests the inhibition of SMOX as a
potential target for prevention in individuals at risk for car-
cinogenesis, particularly in association with infection and
chronic inflammation.

Of relevance to chemotherapy, a limitation of the common
chemotherapeutic agent cisplatin is acute kidney injury (AKI).
In mice with cisplatin-induced AKI, SSAT and SMOX levels
increase, stimulating endoplasmic reticulum stress response
genes that culminate in apoptosis and kidney damage (107).
Knockout of SSAT or SMOX or neutralization of the by-prod-
ucts of PA oxidation reduces the severity of damage, implicat-
ing a role for PA catabolism in AKI. Thus, incorporation of an
inhibitor of PA oxidation into a cisplatin treatment regimen
could prevent kidney injury that might otherwise limit treat-
ment. Furthermore, as organ damage due to insults such as
ischemia/reperfusion, toxins, and trauma appears to have a PA
catabolic regulatory component, suppression of these compo-
nents is a promising strategy for the protection of tissues in a
variety of contexts.

During stroke, PA catabolism is induced due to the release of
free PAs from damaged RNA (73, 108), and the extent of this
induction was recently correlated with aging (109). Acrolein,
spontaneously formed from SMOX-generated 3-AP, is the
metabolite most responsible for neuronal damage (110). Masuko
et al. (111) designed inhibitors of the PA oxidases and investi-
gated their effects on brain infarct sizes in a photochemically-
induced thrombosis model. Inhibitor C9-4 (N1-nonyl-1,4-di-
aminobutane) most potently decreased brain infarct volume
with a therapeutic window longer than 12 h and is thus a poten-
tial drug candidate for the treatment of brain ischemia.
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Therapeutic induction of polyamine oxidation

In certain circumstances, the production of potentially
harmful oxidative stress may have therapeutic potential. A
major intracellular source of ROS is metabolic activity, and
rapidly proliferating cells require a compensatory increase in
metabolism. Therefore, populations such as cancer cells or
pathogenic microorganisms may have increased sensitivity to
treatments that produce additional oxidants.

BSAO as a mediator of polyamines and oxidative stress—The
ability of BSAO to convert PAs into toxic aldehydes and H2O2,
thus producing oxidative stress, has suggested its potential
use in a therapeutic setting due to the abundance of PAs in
proliferating cells, including tumor cells. Immobilized BSAO
injected directly into B16 melanoma tumor xenografts in mice
decreased tumor growth by �70% through the induction of
apoptosis (112). Experiments in multidrug-resistant tumor cell
lines have indicated their increased sensitivity to the oxidation
products of BSAO and Spm (113–116). Recent advances in
drug delivery technology have led to the incorporation of BSAO
into nanoparticle formulations, thereby enhancing the stability
of its catalytic activity and improving its potential as an in situ
treatment strategy to reduce intratumoral PA levels while gen-
erating tumor-toxic oxidative stress (117–119).

Induction of SMOX by polyamine analogues—The use of PA
analogues to exploit the self-regulatory nature of PA metabo-
lism is a well-studied strategy for inhibiting growth of cancer
cells. Members of the bis(ethyl) group of analogues strongly
induce PA catabolism through large inductions of both SSAT
and SMOX. In certain cancer cell types, cytotoxicity from these
analogues is attributed to the production of H2O2 via SMOX
simultaneously with depletion of the natural PAs (50, 121, 122).
Curcumin, a natural polyphenol and popular dietary supple-
ment, was recently shown to increase uptake of these PA
analogues, resulting in enhanced polyamine depletion and
growth inhibition and allowing a substantial reduction in the
required effective analogue dose (123). As curcumin pos-
sesses multiple antitumor properties, this combination with
a PA analogue would target multiple anticancer pathways
(124). Finally, two PA analogues that have been studied clin-
ically as single agents, bis(ethyl)norspermine and PG-11047
(45), have been incorporated into self-immolative nanopar-
ticles capable of packaging and delivering therapeutic
nucleic acids in addition to the PA analogue (91, 125). These
prodrugs may allow for controlled drug release as well as the
ability to simultaneously target additional antitumor path-
ways via specific cargo. These parent compounds and their
prodrug derivatives were recently also shown to have an
antiviral effect on Zika virus replication through the induc-
tion of SSAT and SMOX (120).

Conclusion

The multiple mechanisms through which PAs and their
catabolism can affect oxidative homeostasis in organisms,
including humans, allow for a wide array of possible out-
comes in both normal and pathological states. Although a
prime function of the PA catabolic pathways may be to main-
tain PA homeostasis at a set point, the potential to exploit

the pathway for therapeutic benefits is great. This is espe-
cially true for the oxidation of Spm by SMOX in response to
infection and inflammation. All data currently point to this
enzyme as a rational target for chemoprevention strategies.
Additionally, the targeted, tumor-specific super-induction
of PA catabolism by specific PA analogues continues to hold
promise for future anticancer therapies. Finally, in addition
to PA catabolism being a homeostatic mechanism, there are
other possibilities that should be explored. For instance, PA
catabolism might provide important signaling molecules,
like H2O2, at levels that are not injurious. Similarly, the
recent linkage between PA catabolism and immune modula-
tion opens new avenues for investigation and possible treat-
ments. Although the catabolism of PAs has long been stud-
ied, with the Tabor laboratory leading the way in many
aspects, many avenues remain to be explored.
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Polyamines are polycationic organic amines that are required
for all eukaryotic life, exemplified by the polyamine spermidine,
which plays an essential role in translation. They also play more
specialized roles that differ across species, and their chemical
versatility has been fully exploited during the evolution of pro-
tozoan pathogens. These eukaryotic pathogens, which cause
some of the most globally widespread infectious diseases, have
acquired species-specific polyamine-derived metabolites with
essential cellular functions and have evolved unique mecha-
nisms that regulate their core polyamine biosynthetic pathways.
Many of these parasitic species have lost enzymes and or transport-
ers from the polyamine metabolic pathway that are found in the
human host. These pathway differences have prompted drug dis-
covery efforts to target the parasite polyamine pathways, and
indeed, the only clinically approved drug targeting the polyamine
biosynthetic pathway is used to manage human African trypanoso-
miasis. This Minireview will primarily focus on polyamine metab-
olism and function in Trypanosoma, Leishmania, and Plasmodium
species, which are the causative agents of human African trypano-
somiasis (HAT) and Chagas disease, Leishmaniasis, and malaria,
respectively. Aspects of polyamine metabolism across a diverse
group of protozoan pathogens will also be explored.

Polyamines are low-molecular-weight, organic polycations
that are synthesized from amino acid precursors (1, 2). In
eukaryotes, the diamine putrescine is produced by decarboxy-
lation of L-ornithine, and spermidine is synthesized from
putrescine by the addition of an aminopropyl group donated by
decarboxylated SAM2 (dcAdoMet) (Fig. 1A). The core biosyn-
thetic pathway that is common to both higher eukaryotes (e.g.

mammals) and many single-cell organisms typically employs
three key enzymes: 1) pyridoxal 5�-phosphate (PLP)-dependent
ornithine decarboxylase (ODC); 2) pyruvoyl (Pvl)-dependent
SAM decarboxylase (AdoMetDC); and 3) spermidine synthase,
which conjugates the aminopropyl group from dcAdoMet to
putrescine to generate spermidine. In the parasitic protozoa,
the complete core polyamine biosynthetic pathway (ODC,
AdoMetDC, and spermidine synthase) is present only in Tryp-
anosoma brucei, Leishmania, and Plasmodium species (3).
Mammals and other higher eukaryotes also produce the tet-
raamine spermine, which is synthesized from spermidine by
addition of a second aminopropyl group. Additionally, a cata-
bolic pathway that degrades spermine and spermidine back
to putrescine via polyamine oxidase (PAO) and spermidine/
spermine-N1-acetyltransferase (SSAT) is also present (2, 4).
These catabolic pathways are largely missing from the protozoa
(Fig. 1A).

The polyamine biosynthetic pathway in higher eukaryotes is
highly regulated at multiple levels, including transcription,
translation, and protein degradation, highlighting the role of
polyamines in regulating cell growth (2, 4). Similar mechanisms
are absent in the protozoa, although several unique regulatory
strategies have been uncovered and will be discussed.

Spermidine serves as a substrate for deoxyhypusine synthase
(DHS) in all eukaryotes, which together with deoxyhypusine
hydroxylase (DOHH) covalently modifies the translation elon-
gation factor eIF5A with the amino acid hypusine (5–7). DHS
transfers the aminobutyl portion of spermidine to a conserved
lysine residue on eIF5A, which is the sole protein that carries
this modification. Both eIF5A and its hypusine modification are
essential in eukaryotes, functioning to relieve ribosomal stalling
on mRNAs encoding polyproline tracts and to promote trans-
lation termination (8). DHS is present in the full range of para-
sitic protozoa (Fig. 1A).

Because polyamines are essential for cell growth, their bio-
synthesis has been extensively studied for its potential to be
targeted by drugs that could be used against proliferative dis-
eases. Significant effort has been focused on cancer chemother-
apy, but it has proven difficult to identify compounds with suf-
ficient efficacy for this application (2, 9). The availability of
dietary polyamines and polyamine transporters reduces the
efficacy of biosynthetic inhibitors. Recently, combinations of
biosynthetic inhibitors and transport inhibitors are being
explored to determine whether more complete cellular poly-
amine reductions can be obtained for the treatment of cancer,
but it remains to be seen whether this strategy will be effective
(2). Efforts to study polyamine synthesis and function in proto-
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zoan parasites grew from the early work in the cancer field as
researchers sought to translate the mammalian discoveries to
single-celled eukaryotic pathogens.

Two high-impact discoveries paved the way for both ther-
apeutic applications and for the uncovering of unique biol-
ogy in these parasitic pathogens. The first of these was the
discovery in 1980 by Bacchi et al. (10), who showed the irre-
versible ODC inhibitor 2-(difluoromethyl)-DL-ornithine
(DFMO) (Figs. 2 and 3, A and B) cured Trypanosoma brucei
infections in mice. This finding led to the eventual registra-
tion of DFMO for treatment of late-stage human African
trypanosomiasis (HAT) as a combination therapy with nifur-
timox (11, 12), and to its inclusion on the World Health
Organization essential medicines list (World Health Orga-
nization (WHO) model list of essential medicines accessed
August, 2018 (http://www.who.int/medicines/publications/
essentialmedicines/20th_EML2017_FINAL_amendedAug2017.
pdf?ua�1)).3 The second key discovery was the observation by
Fairlamb et al., in 1985 (13), that trypanosomatids conjugate
two molecules of GSH to spermidine to generate a unique
cofactor called trypanothione (N1,N8-bis(glutathionyl)spermi-
dine), which is used in place of GSH (L-�-Glu-Cys-Gly) to
maintain redox balance in these cells (Fig. 1B). More recent
work has uncovered a number of examples of atypical
enzyme arrangements and novel regulatory strategies, in-
cluding bifunctional enzymes and enzyme complexes, that
require inactive pseudoenzymes to activate their cognate
paralogous enzyme (14 –16).

Parasites and their diseases

Protozoan parasites associated with human disease include
members of the trypanosomatids (T. brucei, Trypanosoma
cruzi, and Leishmania species) (17–19), the apicomplexa (e.g.
Plasmodium species (20), Toxoplasma gondii (21), and Crypto-
sporidium parvum (22)), the anaerobic parasites, including the
enteric parasites (e.g. Giardia lamblia and Entamoeba histo-
lytica) (23), and the sexually transmitted Trichomonas vaginalis
(24). The trypanosomatids are insect-borne pathogens that
together infect 18 million people globally. They are the causa-
tive agents of human African trypanosomiasis (T. brucei), Cha-
gas disease (T. brucei), and Leishmaniasis (Leishmania species).
Plasmodium species are responsible for malaria, with the most
important species Plasmodium falciparum responsible for
nearly half a million deaths per year. For both the trypanoso-
matid and Plasmodium parasites, drug therapy and disease
control are challenged by drug toxicity, drug resistance, and/or
difficult treatment regiments. Thus, the polyamine pathway has
been explored in these parasites for the potential to identify
new enzymatic targets for drug discovery. The metabolic path-
ways, both typical and novel, the essentiality of genes in these
pathways, and their utility for being exploited for drug discov-
ery, have all been investigated and will be discussed (reviewed
previously in Refs. 14, 19, 25, 26).

Polyamine biosynthetic pathways in trypanosomatids
and Plasmodium species

The trypanosomatids have significant biology in common,
including their ability to synthesize novel polyamine-containing
metabolites (17, 18). All three pathogenic trypanosomatids have
also evolved two paralogous gene products for both AdoMetDC

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 1. Polyamine biosynthetic pathway in single-celled parasitic eukaryotes. A, core polyamine biosynthetic pathway. The enzymes found in the
various species are indicated by italicized species names as follows: Tb, T. brucei; Ld, L. donovani; Tc, T. cruzi; Pf, P. falciparum; Tg, T. gondii; Cp, C. parvum; Tv,
T. vaginalis; Gl, G. lamblia; Eh, E. histolytica. The inset identifies enzymes that are formed as either bifunctional enzymes or require oligomerization with a
pseudoenzyme for activity. Abbreviations are defined in the text with the exception of DAP, diaminopropane. B, trypanothione biosynthetic pathway in the
trypanosomatids. T(SH)2, reduced trypanothione; TS2, oxidized trypanothione. Gene resource sites are as follows: http://tritrypdb.org/tritrypdb/ (101), http://
plasmodb.org/plasmo/ (102), http://toxodb.org/toxo/ (103), http://giardiadb.org/giardiadb/, and http://trichdb.org/trichdb/ (104), http://cryptodb.org/
cryptodb/ (105), and http://amoebadb.org/amoeba/ (106) (see also Ref. 3). (Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.) Available X-ray structures for parasite enzymes in these pathways are summarized in Table 1.
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and DHS that are required to form the active enzymes providing a
unique example of how pseudoenzymes evolve to be enzyme reg-
ulators (16, 27–30) (described below). However, there are also

many differences between these species that impact their require-
ment for polyamine biosynthetic machinery (26).

T. brucei is an extracellular parasite that replicates in the
bloodstream, where the levels of polyamines putrescine and
spermidine in plasma (�1 �M (31)) are not sufficient to support
T. brucei growth (32). As a consequence of the extracellular
niche, all enzymes that are required for spermidine synthesis
are encoded in the T. brucei genome (Fig. 1A and Table 1) (14),
and ODC (33, 34), AdoMetDC (both paralogs) (30), and SpdSyn
(32, 34) have all been shown to be essential by genetic studies.
Intracellular polyamines were first detected in T. brucei by
chromatography, and through the use of isotopically-labeled
precursors, the ability of T. brucei to make spermidine from
L-ornithine and L-methionine was demonstrated (35). Subse-
quently, quantitative measurements by untargeted LC-ESI/MS
found high levels of both intracellular putrescine (1–2 mM) and
spermidine (3– 4 mM) (36). Spermine has not been detected nor
is spermine synthase encoded in the genome. N-Acetylpu-
trescine and N-acetylornithine, but not N-acetylspermidine,
have also been detected (37, 38), but their function and biosyn-
thetic origin are both unknown. T. brucei encodes an arginase-
like enzyme, but it was found to lack key catalytic residues and
to be inactive (39, 40). Labeling studies suggest T. brucei can
convert L-arginine to L-ornithine, but the enzymatic machinery
used to catalyze this reaction is unknown, and it has been pos-
tulated that the primary source of L-ornithine is salvage (40).

In contrast, both Leishmania and T. cruzi are intracellular
parasites with access to polyamines within the cell of their
mammalian host. Thus, as for mammalian cells polyamine
transport plays a role in meeting the cellular needs for these
nutrients, which has implications for drug discovery. T. cruzi
has lost its ODC and relies on salvage to supply putrescine (41),
although it still retains an active AdoMetDC (42) and SpdSyn
(43). It is auxotrophic for putrescine and spermidine and
encodes both saturable and unsaturable transport mechanisms
for these amines and for the product of lysine decarboxylation,
cadaverine (44, 45). T. cruzi lacks PAO/SSAT activities re-
quired for spermidine catabolism consistent with the genome
sequence (http://tritrypdb.org/tritrypdb/)3 (101), and no evi-
dence that spermidine can be converted to spermine has been
found (45).

Leishmania species encode all three core polyamine biosyn-
thetic enzymes despite occupying an intracellular niche, and
they additionally express an active arginase (Fig. 1A). The PAO/
SSAT back conversion pathway enzymes are absent from the
genome (101),3 and biochemical studies have confirmed the
lack of these activities (46). ODC null mutants of Leishmania
donovani are unable to grown unless supplemented with
putrescine, establishing the requirement for polyamines in
these parasites (46). Subsequent studies showed that ODC null
mutants were unable to establish an infection in mice, although
virulence could be restored by feeding with oral putrescine (47,
48). Likewise, L. donovani null mutants of AdoMetDC (49) and
SpdSyn required spermidine for growth in the promastigote
stage, and SpdSyn null cells had severely reduced ability to
establish an infection in mice (50). Arginase was essential for
growth of promastigotes but not for intracellular amastigotes
nor was it required to establish an infection in mice (51, 52).

Figure 3. X-ray structure of T. brucei ODC. ODC K69A bound to DFMO (PDB
code 2TOD) (86). A, ribbon diagram of the dimer with monomers colored in
teal and tan. DFMO and PLP are shown as spheres. B, ODC active site showing
select residues within the 4 Å shell of PLP and DFMO. DFMO is covalently
bound to Cys-360. Catalytic residues with known function in catalysis or sub-
strate binding are displayed.

Figure 2. Structures of ODC and AdoMetDC inhibitors with activity
against T. brucei. A, DFMO (PDB code 2TOD) shown with nifurtimox, which is
not an ODC inhibitor but is used together with DFMO for combination ther-
apy to treat HAT. B, AdoMetDC inhibitors CGP 40215A (100) (PDB code 5TVF);
MDL 73811 (92), and Genz644131 (91); pyrimidineamine UTSAM568 (N4-(3,5-
dibromophenyl)-6-methylpyrimidine-2,4-diamine) (PDB code 6BM7) com-
pound 44 from Ref. 96. PDB numbers for available co-crystal structures bound
to the T. brucei enzymes are in parentheses.
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The cumulative data suggest that L. donovani amastigotes have
access to sufficient pools of L-ornithine to support growth, but
putrescine, and to some extent spermidine, sources are not suf-
ficient to fully rescue gene knockouts of ODC or SpdSyn in vivo.
Data suggest that, as for mammalian cells (2), levels of dietary
polyamines are likely to impact the efficacy of pathway inhibi-
tors on Leishmania intracellular cell growth.

Plasmodium species are the only parasitic apicomplexa to
encode a full set of polyamine biosynthetic enzymes (ODC/
AdoMetDC and SpdSyn), and they are also unique in being the
only organism to encode a bifunctional ODC/AdoMetDC
fusion protein (53) rather than the individual enzymes. All
three biosynthetic enzymes are absent from T. gondii and
C. parvum, however, all apicomplexa encode DHS (Fig. 1A) (3,
15, 25). Intracellular polyamine levels in P. falciparum are
nearly 2 orders of magnitude higher than levels in uninfected
erythrocytes suggesting that the parasite requires the biosyn-
thetic enzymes to provide sufficient polyamines for growth
(54). Plasmodium species synthesize both putrescine and sper-
midine de novo, and while spermine synthase is not encoded in
the genome (http://plasmodb.org/plasmo/),3 (102) character-
ization of recombinant P. falciparum SpdSyn showed it also
converted spermidine to spermine, although at an �10-fold
lower rate, explaining the presence of spermine in the organism
(55). Whereas individual knockouts have not been generated
for pathway enzymes in Plasmodium, two genome-wide
genetic screens have demonstrated that ODC/AdoMetDC,
SpdSyn, and DHS are all essential enzymes for survival of P. fal-
ciparum based on saturation transposon mutagenesis (56) and
for Plasmodium berghei infection in mice based on analysis of
the ability to recover bar-coded knockout mutants (57). DOHH
was also essential in the P. falciparum study (56), although it
was not analyzed in the P. berghei study.

Polyamine biosynthesis in anaerobic parasites

The anaerobic protozoan parasites have only remnant poly-
amine biosynthetic pathways. Most encode ODC, but not
AdoMetDC or SpdSyn, whereas all encode DHS (Fig. 1A) (3, 58,

59). The pathway in T. vaginalis is the best characterized from
this group of organisms (58 –60). T. vaginalis synthesizes large
amounts of putrescine for excretion, which leads to a charac-
teristically malodorous discharge in patients infected with the
parasite (59). T. vaginalis is unable to synthesize spermidine or
spermine directly, but the polyamine back conversion pathway
(SSAT and PAO) has been reported to be present and was
shown to function to convert salvaged spermine to spermidine
(59). It is not yet clear whether T. vaginalis relies completely on
back conversion to generate spermidine or whether the parasite
also has a route to salvage spermidine directly from the host.

Polyamine transporters

As noted above, polyamine transport plays a role in supple-
menting mammalian cells with polyamines, although not all
transporters have been characterized at the molecular level (2).
In contrast, polyamine transport in T. brucei does not provide
sufficient putrescine or spermidine sources to overcome the
need for polyamines to be synthesized by the parasite to sup-
port infectivity in vivo. Uptake studies using radiolabeled sper-
midine have confirmed the absence of high-affinity spermidine
transporters, as no spermidine uptake could be detected over
an hour time course (32). The lack of high-affinity transporters
in T. brucei is consistent with their extracellular environment
where levels of polyamines in blood and spinal fluid are low (�1
�M as noted above). Despite the lack of high-affinity transport-
ers, both putrescine and spermidine can be taken up to a limited
extent if provided at sufficiently high nonphysiological concen-
trations, in a process that is not likely to be transporter-medi-
ated. For example, putrescine (0.5 mM) rescues the growth def-
icit caused by RNAi-induced ODC knockdown (34), whereas
spermidine (0.1 mM) restores polyamine pools and rescues
growth of SpdSyn (34) and AdoMetDC (30) RNAi-induced
knockdown. In contrast, two high-affinity ornithine transport-
ers (Km �5 �M, which is similar to levels in blood and spinal
fluid) have been identified in T. brucei, one selective for L-orni-
thine and the other functioning on both L-ornithine and L-his-
tidine (61). The identification of these transporters supports

Table 1
X-ray structures of polyamine biosynthetic enzymes from protozoan pathogens

Enzyme Species PDB no. Bound inhibitors, mutations, notes

ODC T. brucei 1QU4 None
ODC T. brucei 2TOD DFMO; K69A
ODC T. brucei 1NJJ D-Ornithine � G418
ODC T. brucei 1SZR D-Ornithine; K294A
ODC T. brucei 1F3T Putrescine
ODC E. histolytica 4AIB None
AdoMetDC T. brucei 5TVO Inactive monomer
AdoMetDC/prozyme T. brucei 5TVM Active heterodimer with prozyme
AdoMetDC/prozyme T. brucei 5TVF Active heterodimer with prozyme; CGP 40215A
AdoMetDC/prozyme T. brucei 6BM7 Active heterodimer with prozyme; UTSAM568

(compound 44)
SpdSyn P falciparum 2PWP, 4CXM, 2HTE, 1I7C, 2PSS, 2PT6, 3B7P, 4BP1,

4CWA, 2PT9, 3RIE, 4BP3, 4UOE
Various ligands

SpdSyn T. cruzi 4YUV, 4YUW, 4YUY, 3BWB, 3BWC, 4YUX, 4YUZ,
4YV1, 4YV2, 5B1S, 5Y4Q, 4YV0, 5Y4P

Various ligands

DHSc/DHSp T. brucei 6DFT Active heterodimer complex; NAD�

Arginase Leishmania 4ITY, 4IU0, 4IU1, 4IU4, 4IU5, 5HJ9, 5HJA Various ligands
TryS Leishmania 2VOB, 2VPM, 2VPS Various ligands
TryR Leishmania 2JK6, 2W0H, 2X50, 2YAU, 4ADW, 4APN, 5EBK Various ligands
TryR T. brucei 2WBA, 2WOI, 2WOV, 2WOW, 2WP5, 2WP6, 2WPC,

2WPE, 2WPF, 4NEV, 6BTL, 6BU7
Various ligands

TryR T. cruzi 1AOG, 1BZL, 1GXF, 1NDA, 4NEW Various ligands
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the hypothesis that T. brucei’s primary source of L-ornithine is
salvage. Knockout of the L-ornithine transporter affected sen-
sitivity to DFMO (61), consistent with prior studies on DFMO-
resistant lines that showed both reduced DFMO and increased
ornithine uptake (62). During infection T. brucei releases kine-
sin heavy chain, which has been linked with increased host argi-
nase activity (63). This pathway may provide increased avail-
ability of L-ornithine for salvage to help promote growth.

Both T. cruzi and Leishmania species express high-affinity
polyamine transporters (POT1) consistent with their intracel-
lular lifestyle where they have access to host polyamine pools.
POT1 from Leishmania transports both putrescine and sper-
midine (64), whereas POT1 in T. cruzi showed specificity for
putrescence and cadaverine but not spermidine or spermine
(44). In T. cruzi, POT1 was not essential for the epimastigote
insect stage, which also has a nonsaturable mechanism for tak-
ing up polyamines; however, the null cell line showed reduced
replication at the intracellular amastigote stage (45).

P. falciparum is also able to import putrescine and spermi-
dine (65). Competition experiments suggested that the respon-
sible transporters likely have cross-specificity for putrescine
and spermidine, in addition to spermine, ornithine, and to
some extent other basic amino acids.

Conserved role of eIF5A

The requirement for spermidine as a substrate to modify
translation elongation factor eIF5A with deoxyhypusine and/or
hypusine is universally conserved in eukaryotes. In T. brucei,
DHS (16) and eIF5A (66) have been shown to be essential using
genetic knockouts, and loss of eIF5A was shown to correlate
with reduced levels of proteins that were rich in polyproline
tracks (66), consistent with the demonstrated role of eIF5A in
relieving ribosome stalling in mammalian cells (5, 6, 8). T. bru-
cei DOHH has not been characterized nor is it known whether
deoxyhypusine or hypusine represent the dominant modifica-
tion of eIF5A in the cell, but DOHH is encoded in the genome.
Both DHS and DOHH from Leishmania are enzymatically
active (67, 68). It seems likely that all three trypanosomatids will
be capable of converting deoxyhypusine (dh)-eIF5A to
hypusine (h)-eIF5A, but it is not known whether DOHH is
essential. In contrast to mammalian cells, in yeast the deoxyhy-
pusine modification is sufficient for full eIF5A function, and
DOHH is not essential (7).

Studies have also been conducted in several other parasites.
Both DHS and DOHH are essential in P. falciparum (56, 57).
T. vaginalis encodes two eIF5A genes and a dhs gene, but dohh
has not been identified in the genome (58). TvDHS was
reported to be a bifunctional enzyme that also catalyzes the
conversion of dh-eIF5A to h-eIF5A (69); however, the TvDHS
protein amino acid sequence contains no additional domain
capable of catalyzing this reaction, and thus the presence of
DOHH activity in T. vaginalis is unlikely. C. parvum also has
been shown to have a functional hypusine biosynthetic pathway
(70).

Unique metabolism and metabolic products

The trypanosomatids synthesize a polyamine conjugate
between spermidine and two GSH molecules, named trypano-

thione (Fig. 1B) (13). Trypanothione is synthesized in two steps:
first through the conjugation of one GSH to generate glutathio-
nylspermidine, and then through the subsequent addition of a
second GSH to yield trypanothione. In Crithidia, two separate
enzymes catalyze these consecutive reactions (71), but in
T. brucei, T. cruzi, and Leishmania, a single enzyme trypano-
thione synthetase (TryS) is responsible for both steps (72).
Additionally, TryS contains an amidase domain that catalyzes
the back reaction (73).

Glutathionyl spermidine was also isolated from Escherichia
coli by Tabor et al. (74), and the biosynthetic enzyme was
shown to have two domains, one catalyzing synthesis and the
second an amidase domain that regenerates the substrates (75).
Subsequently, the gene encoding glutathionylspermidine syn-
thetase was identified across a range of Enterobacteria species
(76). Synthesis of spermidine and GSH conjugates appears
restricted to the trypanosomatids and Enterobacteria species,
but although the role of trypanothione in the trypanosomatids
has been clearly established, the function of glutathionyl sper-
midine in bacteria remains elusive.

The requirement for trypanothione links polyamine metab-
olism to the cellular redox state in trypanosomatids, and it
represents an example of the versatility of the chemistry of
polyamines that facilitates their use as building blocks for
specialized molecules in diverse species. Trypanothine has
replaced GSH as the key thiol involved in maintaining reduced
thiol pools. Trypanosomatids encode a trypanothione reduc-
tase (TryR) in place of GSH reductase (77). Depletion of the
trypanothione biosynthetic enzymes �-glutamylcysteine syn-
thetase (78), GSH synthetase (79), TryS (80), and TryR (77)
by genetic disruption were lethal in T. brucei in all cases, de-
monstrating that trypanothione is essential. Additionally,
trypanothione-dependent glyoxylase, tryparedoxins, trypare-
doxin peroxidase systems, and trypanothione S-transferase
take the place of their GSH-based counterparts (81, 82). These
systems are essential as highlighted by the finding that gene
disruption of tryparedoxin peroxidases leads to ferroptosis-like
death (83). These pathways have also been implicated in anti-
monial resistance in Leishmania species (84).

Pseudoenzymes as activators of polyamine biosynthetic
enzymes

The trypanosomatids encode two paralogs for both
AdoMetDC and DHS. In the case of AdoMetDC, one paralog
retains the active-site residues and the ability to undergo auto-
catalyic processing to yield the essential pyruvoyl cofactor,
whereas the second paralog named AdoMetDC prozyme is a
pseudoenzyme that is missing catalytic residues and is inactive
(29). The active AdoMetDC paralog (AdoMetDC) is highly
impaired when expressed on its own and requires heterodimer
formation with prozyme (studied for both T. brucei and T. cruzi
AdoMetDC) for activity (fold activation of kcat upon het-
erodimerization is �1000) (29, 42). Both AdoMetDC paralogs
are essential for T. brucei survival, and both are required for
spermidine synthesis (30). The two DHS paralogs are each lack-
ing catalytic residues, and both are nearly inactive (16). Forma-
tion of a heterotetramer between them is required for enzyme
activity, and both paralogs are also essential for growth of
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T. brucei. Although the requirement for a pseudoenzyme for
AdoMetDC activity is only found in the trypanosomatids, the
DHS heterotetramer configuration is present in the trypanoso-
matids and in Entamoeba, but no other species.

T. brucei AdoMetDC prozyme appears to play a regulatory
role in the cell. Knockdown or chemical inhibition of
AdoMetDC leads to up-regulation of prozyme protein levels,
likely through a translational control mechanism that corre-
lates with intracellular dcAdoMet levels (30, 85). Polyamine
biosynthesis is highly regulated in other eukaryotic cells (2, 4),
but the mechanisms that have been defined in mammalian
cells and yeast are not found in the protozoan parasites (14).
The regulation of AdoMetDC prozyme expression is the first
and only regulatory mechanism that has been described in
these parasites, suggesting that the use of pseudoenzymes
may have evolved to compensate for lack of other regulatory
mechanisms.

The structural basis for activation of both AdoMetDC and
DHS by oligomerization with their paralogous pseudoenzymes
has recently been elucidated. The X-ray structures of both the
active T. brucei AdoMetDC/prozyme heterodimer and of the
inactive AdoMetDC monomer were solved (Fig. 4, A and B)
(28). These data demonstrated that AdoMetDC is inactive due
to autoinhibition by residues in the N terminus and that this
autoinhibition is relieved upon heterodimerization with
prozyme. Heterodimerization leads to a conformational change
in AdoMetDC such that the N terminus inserts into a newly
formed pocket generated by rearrangement of the AdoMetDC
�-sheet and loop structures at the dimer interface.

In contrast to the allosteric mechanism identified for
AdoMetDC activation, T. brucei DHS is a heterotetramer of
two distinct pseudoenzymes (Fig. 5, A and B) (27). The catalytic
unit is a heterodimer between the two DHS paralogs, one
named DHSc because it maintains the catalytic lysine and the
other named DHSp (for prozyme) because the catalytic lysine is
missing. A tetramer is then formed from two such dimers.
Although DHSc retains the residues necessary to bind spermi-
dine, the residues in the NAD�-binding site have diverged,
whereas the opposite is true for DHSp (Fig. 5B). Heterodimer

formation restores a single active site across the dimer interface
through complementation of deficiencies in the individual
paralogs. Despite the altered NAD�-binding site, NAD� binds
to DHSc in a remnant of the second active site. This “dead-site”
NAD� is in close communication with the active-site NAD�,
and mutagenesis studies suggest that perturbation of the
NAD� pocket in the dead site leads to loss of function in the
active site (27).

Drug discovery

HAT remains the only approved clinical application of a
polyamine biosynthetic inhibitor for treatment of a human dis-
ease (14). The early validation of ODC as a drug target in T. bru-
cei led to interest in determining whether any other polyamine
biosynthetic enzymes might be a drug target in T. brucei or in
other protozoan pathogens. Despite significant effort, no
strong case has been made that these enzymes would be good
targets in species other than T. brucei, and although genetic
studies have shown essentiality in some cases, the presence of
salvage pathways and transporters seems to limit the ability of
enzyme inhibitors to be disease-modifying for the intracellular
parasites (e.g. T. cruzi, Leishmania, and Plasmodium species).
This may in part be due to the difference between a gene knock-
out and an enzyme inhibitor, which is unlikely to provide 100%
inhibition.

The best-validated biosynthetic enzymes remain T. brucei
ODC and AdoMetDC. As noted in the Introduction, DFMO is
approved for treatment of late-stage T. brucei gambiense (14)
and is used in combination with nifurtimox (NECT) for this
application (11). The approval of NECT greatly impacted treat-
ment of HAT, as it is both safer and easier to administer than
the toxic alternative, the arsenic-based compound melarsoprol.
However, DFMO is not without its limitations; the required
dose is high (200 mg/kg every 12 h for 7 days); it is rapidly
excreted; it requires i.v. administration; and it is less effective
against T. brucei rhodesiense, leaving only melarsoprol for the
treatment of this disease (12). DFMO is a mechanism-based
irreversible inhibitor of ODC that covalently attaches to an
essential active-site cysteine residue (Cys-360). The covalent

Figure 4. X-ray structure of T. brucei AdoMetDC. A comparison of the inactive monomer (PDB code 5TVO) and the active heterodimer in complex with CGP
40215A (PDB code 5TVF) (28) is shown. A, inactive monomeric structure. B, active heterodimer in complex with prozyme and the inhibitor CGP 40215a. Pyruvoyl
(Pvl) is shown as spheres, and the autoinhibitory sequence is shown as sticks. cP31, cis-proline 31; tP31, trans-proline 31.
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Michael addition complex has been observed by X-ray crystal-
lography (Fig. 3, A and B) (86). A high-throughput screen (HTS)
of 400,000 small molecules was performed in an attempt to find
reversible ODC inhibitors that could have better pharmacolog-
ical properties than DFMO (87). Very few inhibitors were iden-
tified suggesting that ODC is not a highly druggable target
and that irreversible-based mechanisms are the only path to
exploit this target. DFMO does not show selective toxicity
toward T. brucei ODC versus the human enzyme as it is an
effective inhibitor of both; the selective toxicity has been attrib-
uted to differences in intracellular turnover rates (88). DFMO-
resistant parasites have been generated in vitro showing a loss
of DFMO uptake (62, 89). Characterization of such a mutant led
to the identification of the DFMO transporter, which is an
amino acid transporter TbAAT6 (90).

A number of studies have suggested that T. brucei
AdoMetDC is a druggable target. In addition to the essentiality
of the target, MDL 73811 (Fig. 2) was found to be a potent
irreversible inhibitor of T. brucei AdoMetDC and of parasite
growth in vitro (91, 92). Both MDL 73811 and analogs (e.g.
Genz-644131) were shown to cure early-stage T. brucei infec-
tions in mice, but they have poor brain penetration and are
ineffective against the CNS stage of the disease (92, 93).
Attempts to identify MDL 73811 analogs with better brain pen-
etration have been made, but the challenging synthetic route
has limited the chemistry effort, and the problem of poor brain
penetration has not been overcome within this series (94). To
identify better drug-like molecules, an HTS-compatible assay
was developed using MS to follow the reaction on a Rapid Fire
platform (95). This effort identified 13 chemical scaffolds from
a screen of 400,000 compounds that are reversible inhibitors of
T. brucei AdoMetDC (IC50 values �1–10 �M range) and that
showed similar activity on T. brucei in vitro. These chemical
series also demonstrated species selectivity versus the human
enzyme, and several showed evidence for at least partial on-tar-
get parasite killing activity and for good CNS permeability. The
hit rate of 0.05% in the screen was lower than ideal, suggesting
less than optimal druggability of the target, and it remains to be
determined whether any of the identified series can be opti-

mized to yield a drug candidate. Follow-up medicinal chemistry
has been reported for a pyrimidineamine series (Fig. 2) (96).
Although this effort did not identify analogs with potency
greater than the 2–5 �M range, the best compounds from this
series showed similar activity on T. brucei in whole-cell assays
and good selectivity against the human enzyme. The availability
of a co-crystal structure with one analog (UTSam568) should
provide a path forward for optimization of the series (Fig. 2 and
Table 1).

In Leishmania, despite the initial promise of the findings that
ODC and SpdSyn are essential for robust infection in mice, the
available polyamine biosynthetic inhibitors have failed to show
curative in vivo efficacy, which is most likely related to the par-
asite’s ability to salvage polyamines from the host. Overexpres-
sion of ODC in Leishmania led to DFMO resistance, consistent
with an on-target activity (97), and studies have suggested that
DFMO is more effective against visceral than cutaneous leish-
maniasis (reviewed in Ref. 26). However, although DFMO
reduces parasite burden in vivo, it is unable to cure L. donovani-
infected mice, and the demonstration that oral putrescine can
rescue toxic effects highlights the difficulty of targeting ODC in
this species, as efficacy would be highly dependent on diet (48).
Whether better results could be obtained with different ODC
inhibitors, whether SpdSyn might be a better target in Leishma-
nia, or whether a combination of biosynthetic inhibitors and
transporter inhibitors would provide improved efficacy remain
open questions.

Initial enthusiasm for the potential of TryR or TyrS as drug
targets against the trypanosomatids was high based on their
essentiality and for their obvious potential to provide selectivity
versus the human host. Although well over a thousand TryR
inhibitor papers have been published (reviewed in Ref. 98), the
conclusion that TryR does not appear to be a druggable target
has been evident for some time. Drug-like molecules that
inhibit TryR and that are capable of progressing to late-stage
lead optimization have evaded discovery. Many of the reported
TryR inhibitors have shown off-target activity when tested
against the trypanosomatid parasites. Although less effort has
focused on TyrS, several screening programs have been under-

Figure 5. X-ray structure of T. brucei DHS. A, DHS tetramer structure showing the active-site complementation that leads to formation of one catalytically
active site and one dead site across the dimer interface (PDB code 6DFT) (27). B, DHS dimer interface showing the NAD�-binding sites with select amino acid
residues in the catalytically active site and the remnant dead site. The catalytic lysine (Lys-418) in DHSc and the equivalent inactive residue (Leu-303) in DHSp
found in the dead site are marked by #.
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taken, but overall, the identified compounds have lacked suita-
ble activity on the parasites despite potentially promising
results on the enzyme (98).

Efforts to target Plasmodium polyamine biosynthesis have met
with similar results to Leishmania (reviewed in Refs. 25, 26).
Despite essentiality of the biosynthetic enzymes, and the relatively
small pools of polyamines available for salvage in blood cells,
DFMO does not show good activity against the erythrocytic stage
and was unable to prolong survival of infected mice. AdoMetDC
inhibitors such as MDL 73811 arrest growth of the erythrocytic
stage P. falciparum. However, potency against the parasite (micro-
molar range) was too low to translate to in vivo efficacy. Transcrip-
tome analysis after co-administration of both DFMO and MDL
73811 to P. falciparum found lysine decarboxylase and ornithine
aminotransferase levels increased 2–3-fold suggesting synthesis of
cadaverine and more abundant ornithine might also contribute to
lower efficacy (99). Despite the lack of progress toward identifying
a suitable lead series, it remains possible that drug-like inhibitors
with nanomolar potency against ODC/AdoMetDC or SpdSyn
might have sufficient in vivo activity to be progressed for treat-
ment. Given the results of the T. brucei-based ODC screen,
AdoMetDC or SpdSyn seem more likely than ODC to bind drug-
like inhibitors.

Finally, the potential to exploit the essentiality of DHS in all
species has met with significant interest. The key issue in tar-
geting this enzyme is the need for very strong selectivity,
because clearly, inhibition of the human enzyme will cause tox-
icity. The strong similarity of DHS across eukaryotes suggests
selectivity will be difficult to achieve in most cases. The excep-
tions may be the trypanosomatid and Entamoeba species. The
requirement for two enzyme paralogs to form the enzyme active
site presents an opportunity for the identification of species-selec-
tive inhibitors that will not inhibit the human enzyme, but might
have the property of being pan-active against all trypanosomatids
and possibly Entamoeba (16, 27). The crystal structure of T. brucei
DHS combined with the mutagenesis data strongly suggests that
species-selective inhibitors of trypanosomatid DHS could be iden-
tified based on binding to the dead site NAD� pocket (Fig. 5B),
providing a path forward to exploit this essential target in both the
trypanasomatids and in Entamoeba species.
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This paper is in recognition of the 100th birthday of Dr. Her-
bert Tabor, a true pioneer in the polyamine field for over 70
years, who served as the editor-in-chief of the Journal of Biolog-
ical Chemistry from 1971 to 2010. We review current knowledge
of MYC proteins (c-MYC, MYCN, and MYCL) and focus on
ornithine decarboxylase 1 (ODC1), an important bona fide gene
target of MYC, which encodes the sentinel, rate-limiting en-
zyme in polyamine biosynthesis. Although notable advances
have been made in designing inhibitors against the “undrug-
gable” MYCs, their downstream targets and pathways are cur-
rently the main avenue for therapeutic anticancer interventions.
To this end, the MYC–ODC axis presents an attractive target for
managing cancers such as neuroblastoma, a pediatric malig-
nancy in which MYCN gene amplification correlates with poor
prognosis and high-risk disease. ODC and polyamine levels are
often up-regulated and contribute to tumor hyperproliferation,
especially of MYC-driven cancers. We therefore had proposed
to repurpose �-difluoromethylornithine (DFMO), an FDA-ap-
proved, orally available ODC inhibitor, for management of neu-
roblastoma, and this intervention is now being pursued in sev-
eral clinical trials. We discuss the regulation of ODC and
polyamines, which besides their well-known interactions with
DNA and tRNA/rRNA, are involved in regulating RNA tran-
scription and translation, ribosome function, proteasomal deg-
radation, the circadian clock, and immunity, events that are also
controlled by MYC proteins.

This article is dedicated to the 100th birthday of Dr. Herbert
Tabor, a scientist with unparalleled knowledge and enthusiasm
for the scientific exploration of polyamines. Although Dr.
André Bachmann only had the privilege of meeting Dr. Tabor
once in his career, at the 1996 Tokyo International Symposium
on Polyamines at Shonan Village in Japan, it was an encounter
that remains vivid in his memory to this day. More than a dec-
ade later, while chatting with one of Dr. Tabor’s postdoctoral
fellows on his way to the Gordon Research Conference on Poly-
amines, Bachmann learned that Dr. Tabor – then in his 90s –

still arrives early every morning at his office and works in the lab
until later in the afternoon, when he transitions to reviewing
manuscripts for JBC. His relentless dedication to science and
his untethered vision to unravel the mysteries around poly-
amines have greatly influenced all of us and inspired Bach-
mann’s career. The polyamine group (also fervently referred to
as the “Polyamigos”) would have never evolved to where it
stands today had it not been for Dr. Tabor’s hard work and
dedication and for his countless contributions to the scientific
literature. We are blessed and grateful to know Dr. Tabor,
an extraordinary scientist and human being. Happy 100th
birthday!

The Bachmann laboratory has a longstanding interest in
polyamines and, in particular, in the MYC–ODC axis, which
forms the center point of this Minireview. Bachmann’s work on
polyamines began in 1992 when he studied the role of poly-
amines during foliar senescence of plant leaves (1). Because of
the enthusiasm and encouragements by Dr. Alan Slusarenko
and the late Dr. Philippe Matile (University of Zürich, Switzer-
land), he further delved into the world of polyamines in a quest
to identify novel plant ornithine decarboxylase (ODC)2 inhibi-
tors, using �-difluoromethylornithine (DFMO) as a positive
control (2–4). DFMO, also known as eflornithine and Ornidyl,
is as a catalytic irreversible (suicide) inhibitor of ODC synthe-
sized in 1978 by researchers at the Merrell-Dow Research Insti-
tute (5). DFMO reached FDA approval for the treatment of
West African sleeping sickness (trypanosomiasis; intravenous
formulation) (6) and for the treatment of excessive facial hair
growth (hirsutism; topical formulation). More recently,
DFMO, in an oral formulation (powder or tablets), has been
under investigation in multiple clinical trials, for example, the
chemoprevention of colorectal cancer and pediatric neuroblas-
toma (7–9).

In the late 1990s, Bachmann slowly drifted away from plant
research toward the ODC/cancer field, and in 2002 began
investigations toward repurposing DFMO for pediatric neuro-
blastoma (10, 11). Although the worlds of plant and cancer
research are seemingly unrelated, polyamines exist in nearly all
living cells. It was those early experiences in plant science that
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gave him the scientific knowledge on polyamines, which ulti-
mately led to the idea of repurposing DFMO for the treatment
of children with (MYCN-amplified) neuroblastoma.

Bachmann met the co-author of this Minireview, Dr. Dirk
Geerts, in 2002 at the “Advances in Neuroblastoma Research”
conference in Paris, France. It was at this conference that Bach-
mann “connected the dots” and concluded that DFMO should
be beneficial to neuroblastoma patients, due to fact that MYCN
activates the bona fide gene ODC1 (10, 11). Although ODC as a
drug target had been well-established by that time (12–14), the
specific use of DFMO for the treatment of neuroblastoma–in
the clinical setting-had not been seriously considered in the
literature (10, 11). Over the following years, the authors contin-
ued their collaboration to investigate MYCN-driven ODC
expression and polyamine regulation in neuroblastoma (8, 10,
11, 15–25). These preclinical efforts ultimately led to the first
phase I neuroblastoma clinical trial with DFMO in 2010 (8).
Today, multiple independent phase I and II DFMO neuroblas-
toma clinical trials are ongoing across the United States of
America and in Australia (9).

MYC oncogenes

The MYC family of transcription factors is one of the most
central–and most studied– gene groups in development and
cancer. Three different MYC genes have been described:
c-MYC (MYCC), MYCN, and MYCL (when all three genes are
described in this Minireview, they will be named “MYC”). Ini-
tially discovered in the late 1970s (26), these three genes are
aberrant in the majority of cancer types, performing oncogenic
functions that correlate with aggressive tumor growth and poor
patient prognosis. The human MYC proteins are around 400 –
450 amino acids in length (see Fig. 1) and are very homologous.
This homology is highest in the four short “MYC homology
boxes” I–IV that are important for MYC protein activity and
oncogenic function. Two other longer and conserved regions
exist in MYC: the N-terminal transactivation domain that
can transfer transcription activity to the DNA-binding domain
of another protein, and the C-terminal basic region (BR), nec-
essary for binding to MYC target sites (the -CACGTG-
“E-boxes”) on downstream target genes. The BR is coupled to
the helix-loop-helix–leucine zipper (HLH–LZ) domain that
allows MYC to bind partner proteins, such as MAX, that are
needed for efficient target gene activation.

The three MYC genes were all discovered in relation to can-
cer: c-MYC as a eukaryotic homolog of the v-myc avian virus
oncogene; MYCN in neuroblastoma; and MYCL in lung cancer
(26). The MYC genes are located on different chromosomes but
share a simple gene structure that suggests they derive from an
insertion of a v-myc–like, viral oncogene and later gene multi-
plication. Because MYC studies have primarily focused on
c-MYC, most data exist on c-MYC functions, but MYCN and
MYCL are equally powerful oncogenes. Considering the exten-
sive homology between the MYC genes, their functional differ-
ences are in part a consequence of their differential mRNA
expression during development and among tissue types.
c-MYC is expressed throughout development and has ubi-
quitous expression in most– especially proliferative–tissues.
c-MYC is the highest expressed MYC gene. By comparison,
MYCN shows the highest expression during development,
especially in the nervous system, which then declines con-
siderably, but remains detectable in brain, genital tract, kid-
ney, and stomach. MYCL shows restricted expression, with
levels in between c-MYC and MYCN, mainly in the bladder,
colon, esophagus, pancreas, and skin (for an overview, see
https://www.ncbi.nlm.nih.gov/gene).

The cancer field received major new insights by the publica-
tion of the Hanahan and Weinberg reviews in 2000 and 2011
(27, 28). The authors present a list of cellular functions that a
cancer cell needs to control by changing genome and gene
expression. These functions are called “cancer hallmarks.”
MYC genes are unique among oncogenes in that they can
achieve most, if not all, of these hallmarks. One reason for this is
that MYC genes, as “super transcription factors,” can regulate
the activity of �15% of all human genes (29). Another reason
is that MYC proteins act as obligate partners of other
BR–HLH–LZ transcription factors, in the MAX–MLX net-
work (30). It has long been known that MYC genes boost RNA
production, ribosome biogenesis, and mRNA translation. MYC
genes thereby support the classic hallmarks of sustained prolif-
eration and replication, evasion of growth suppression and cell
death, and activation of adhesion/migration (27, 31, 32). More
recently, MYC genes were also shown to regulate the new hall-
marks of genome integrity, metabolism, immune evasion, and
inflammation (28, 32–34). Importantly, MYC genes can acti-
vate ornithine decarboxylase 1 (ODC1), a sentinel gene in poly-
amine synthesis (12–14) suggesting that MYC genes are central

Figure 1. Human MYC proteins. Shown is a schematic alignment of human c-MYC, MYCN, and MYCL. I–IV, MYC homology boxes I–IV; TAD, transactivation
domain; NLS, nuclear localization signal; BR, basic region; HLH–LZ, helix-loop-helix–leucine zipper domain; aa, amino acid. Depicted are the longest RefSeq
isoforms at NCBI_gene (https://www.ncbi.nlm.nih.gov/gene): NP_002458.2 (c-MYC IF1), NP_005369.2 (MYCN IF1), and NP_001028254.2 (MYCL IF3). Domains
are assigned based on Ref. 32 for c-MYC, and combined NCBI_gene annotation and BlastP alignment (https://blast.ncbi.nlm.nih.gov/Blast.cgi) for the other
MYC proteins.
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regulators of polyamine metabolism, as further discussed in this
Minireview (see under “Polyamine synthesis and regulation”).

MYC genes can fulfill these oncogenic functions by escaping
their normal, strict regulation. MYC genes are among the most
frequently deregulated oncogenes in up to 25% of tumors and in
many different cancer types (Table 1) (35, 36). The MYC genes
only rarely accumulate coding sequence–altering mutations,
with a notable exception for MYC gene fusions in lymphomas
and myelomas (37). MYC gene amplifications have long been
considered the most common MYC deregulation events (35,
36) and are often accompanied by “enhancer hijacking” to up-
regulate MYC expression even further (38, 39). Tumors can
contain multiple copies of one, two, or three different MYC
genes. Occasionally, a specific MYC gene can govern a specific
cancer subtype, for example, in brain or breast. For an overview
of cancer types and MYC gene amplifications, see Table 1 and
Refs. 26, 35, 36, 40. More recently, MYC gene DNA methylation
and mRNA expression have also received attention as more
dynamic strategies for MYC dysregulation (see also Table 1). As
central transcription factors, MYC genes are prime candidates
for establishing “tipping points” in cell fate (30), so that even
small differences in expression could result in oncogenesis.

MYC, the “undruggable target”

The central oncogenic role of the MYC proteins in many
cancer types has evoked significant effort in their targeting for
novel, specific cancer therapy; however, MYC proteins have
proven to be difficult to drug (hence often referred to as the
“undruggable target”). The three reasons for this are as follows:
1) because the MYC proteins act as transcription factors, they
lack specific active sites with a defined 3D structure, but instead
they function by using larger, flexible protein domains such as
the leucine zipper; 2) MYC proteins are so-called “intrinsically
disordered proteins” (41), making the design of tight-binding
moieties even more difficult; and 3) MYC proteins are active
in the nucleus, which precludes targeting with larger mole-
cules (e.g. antibodies) (42). MYC targeting has recently been
excellently reviewed (31, 42, 43), and we present only a brief
summary. Targeting efforts have focused on four biological
processes.

MYC transcription

MYC genes contain a 5� G-quadruplex, a G-rich folded
strand DNA structure upstream of the promoter that has to be

Table 1
MYC and ODC1 aberrations in human cancer
Public human cancer data were queried for coding mutations (Mut), copy number variations (CNV), and mRNA dysregulation (mRNA) of the (three) MYC and ODC1
genes. Numbers represent % of samples with an aberration: white fields represent �1% aberrations; colored fields represent 1–5, 5–10, 10 –25, and �25%. (1–5) means that
1–5% aberrations were found in specific tumor subtypes only. All datasets containing human cancer samples available on the public websites COSMIC (https://cancer.
sanger.ac.uk/cosmic), cBioPortal (http://www.cbioportal.org/) (167, 168), and OncoMine (https://www.oncomine.org/) (169) were analyzed for a total of �1000 sets.
Tumor types are represented by a minimum of three datasets. (Please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any
other third party hosted site.) Aberrations from identical samples in different datasets were not over-counted. Single mutations in a dataset or datasets containing �100
samples, were not used for calculations. Presented are only the significant changes in mutant reads, CNV, or mRNA expression, according to the website default analysis
parameters. Correlations between (any) MYC and ODC1 mRNA expressions were calculated on the R2 website (http://r2.amc.nl/), using a 2log Pearson test on all tumor
datasets on Affymetrix arrays (n � 242). Analysis was as in Ref. 17. n.d. � no data, n.s. � not significant.
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resolved for transcription to occur. Compounds like ennian-
tin-B, TH3, and APTO-253 that stabilize this structure
decrease MYC transcription (44, 45). Furthermore, efficient
MYC gene transcription needs docking of BRD proteins and
other co-activating molecules, including IKZF, NME2, and
CDK9 at the promoter. Especially, the inhibition of BRD4 with
compounds such as JQ1 (46), OTX015 (47), and CPI-0610 (48)
appears very promising for indirect blocking of MYC protein
function. Drugs that target the other co-activators are also
being investigated (49 –51).

MYC translation

There has also been some progress in targeting MYC trans-
lation, in particular via specific translation inhibition by MYC
siRNA (52) or targeting of ribosomal function using CX-5461
(53) and Inauhzin (54). Significant contributions have been
made by the Ruggero group in understanding MYC-controlled
protein synthesis and deregulation of translational control in
cancer (55–59). MYC regulates multiple drivers in the transla-
tional machinery, including ribosomal proteins and eukaryotic
initiation factors of translation (eIFs), leading to an increase in
protein synthesis that is required for cell growth, cell cycle pro-
gression, and genome instability as a mechanism for cancer
initiation (56).

MYC protein stability

MYC proteins are normally unstable and show cell cycle–
regulated expression. Only present at low concentrations in
quiescent cells, MYC protein expression is rapidly induced as
cells enter the G1 phase of the cell cycle in response to serum or
mitogens. In noncancerous cells, MYC levels then decrease to a
low steady-state concentration as long as the cells proliferate, as
a result of timed MYC removal by the proteasome. This degra-
dation depends upon phosphorylation of residues in MYC ho-
mology box I and subsequent ubiquitination by FBXW7, for
example (60). In cancer cells, MYC degradation can be pre-
vented by high expression of deubiquitinases (61, 62) or kinases
that interfere with FBXW7, notably Aurora-A, PLK1, and pro-
teins in the PI3K/AKT/mTOR route (63, 64). These proteins
enable MYC-dependent, sustained cell cycle progression by
permitting continuous high-MYC protein expression. There-
fore, specific inhibition of these molecules has received much
attention. In particular, Aurora-A has been targeted with inhib-
itors, including alisertib (65, 66), MLN8054 (67), MLN8237
(68), and CD532 (69). Also, PLK1 can be inhibited with volas-
ertib (70) and BI2536 (71). Finally, the P22077 compound
inhibits the USP7 deubiquitinase necessary for high MYCN
expression in neuroblastoma (62). It is important to mention
the many efforts in MYC metabolic targeting aimed at the
PI3K/AKT/mTOR axis. In particular, mTOR was targeted with
multiple compounds, for instance temsirolimus, everolimus,
dactolisib, and INK128 (reviewed in Refs. 43, 72).

MYC DNA binding

The transcription factor function of MYC proteins depends
on dimerization with proteins like MAX. The leucine zipper
domain involved in this process has been targeted with several
compounds, such as 10058-F4 (73), 10074-G5 (74), and Mycro3

(75). Very interesting is the recent development of compounds
that can bind to multiple conformations of the leucine zipper
(41). Screening of large compound libraries resulted in the
characterization of additional molecules that inhibit the MYC–
MAX protein interface (76 –78) and in a mimic of the MYC–
MAX complex E-box– binding domain (76 –78) that represents
interesting candidates for further development.

Although direct targeting of the MYC genes and proteins is
the subject of intense study, it is still a relatively new field. Over
the years, the indirect targeting of MYC by inhibition of one or
more MYC downstream processes, including cell cycle, apopto-
sis evasion, and recently also tumor metabolism and immune
function, has been more successful. This is due to MYC’s
“Achilles heel”: MYC genes obtain their powerful oncogenic
functions in part by changes in the cancer cell that, paradoxi-
cally, make the tumor more vulnerable to specific insults.
Decreased MYC function, in combination with inhibition of a
downstream process that is not normally toxic to the cell, can
then lead to catastrophic cell death. This phenomenon called
synthetic lethality (79 –81) has been extensively investigated in
MYC-addicted cancers (reviewed in Refs. 82–84). For instance,
tumors with high MYC activity are especially sensitive to inhi-
bition of the CHK1 cell cycle checkpoint with SB21807 or
TCS2312 (85), the BCL2/BCLxl apoptotic axis using ABT-199
(86), and spliceosome activity using SD6 (87). A very promising
synthetic lethal association is between MYC overexpression
and RAS mutation, making tumors very sensitive to otherwise
innocuous CDK2 inhibition (88 –90).

Finally, it should be noted that we found DFMO treatment in
neuroblastoma leads to significant down-regulation of MYCN
protein, an indirect effect of DFMO that was further enhanced
in combination with SAM486A, an AMD1 (also known as
SAMDC or AdoMetDC) inhibitor (10, 11). Our observation
suggests a polyamine-dependent, negative feedback loop that
regulates MYC expression. Indeed, Tabib and Bachrach (91)
demonstrated in Kirsten sarcoma virus–infected rat kidney
cells that putrescine triggers the transcription of c-MYC mRNA
and that inhibition of ODC activity by DFMO, which depletes
putrescine, prevented the c-MYC transcription. The involve-
ment of putrescine in the transcription of c-MYC mRNA was
further confirmed by adding putrescine to cells, which resulted
in the formation of c-MYC transcripts. These findings support
the notion that putrescine (and possibly spermidine and sperm-
ine) is involved in the transcription of c-MYC and may in part
explain our own findings that DFMO and DFMO/SAM486A
treatments lead to reduced levels of MYCN protein in neuro-
blastoma cells (11).

Polyamine synthesis and regulation

The polyamine spermine has been first described in 1677
(92) by Antonie van Leeuwenhoek (also spelled Anthonii
Lewenhoeck), preceding the discovery of DNA in 1868 by �200
years, when the Swiss physician Friedrich Miescher isolated
“nuclein” from the nuclei of white blood cells (93). Polyamines
are aliphatic cations that interact with negatively charged mol-
ecules, including nucleic acids (94, 95). In 1957, Hershey (97)
showed that polyamines can bind to phage DNA, and this was
confirmed by Ames et al. in 1958 (96). The secondary structures
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of polyamines in association with DNA were revealed using
X-ray diffraction technology (98, 99). Polyamines were also
found in association with tRNA and rRNA (100, 101) and con-
tribute to chromatin modification and histone acetylation (102,
103). Over the years, it was discovered that polyamines are
implicated in many cellular processes, including the regulation
of ion channels (104) and their participation in transcriptional,
translational, and post-translational events (105).

Ornithine decarboxylase (EC 4.1.1.17) is a sentinel enzyme
that is mandatory to polyamine synthesis. ODC catalyzes the
conversion of ornithine to putrescine (a diamine) through the
release of carbon dioxide (CO2). Putrescine is the precursor in
the synthesis of spermidine (a triamine) and spermine (a tet-
raamine) which are formed by the action of spermidine syn-
thase and spermine synthase, respectively (Fig. 2). Collectively,
putrescine, spermidine, and spermine are referred to as poly-
amines.ODChasalsotransformingandoncogenicabilitiesinde-
pendent of MYC (106, 107). ODC and AMD1 are rate-limiting
enzymes in polyamine synthesis (108 –110) and are frequently
dysregulated in cancer, with a critical role in cell proliferation
(108, 111–114).

It has been well documented that ODC antizyme 1–3
(OAZ1–3) proteins are negative regulators of cellular poly-
amine content, and OAZ expression is controlled via a unique
feedback mechanism that involves a �1 frameshift during
translation, induced by high cellular polyamine levels (115).
ODC is functional as a homodimer, which creates two active
sites at the dimer interface that contain residues contributed by
each subunit. ODC monomer interactions are relatively weak
and the protein cycles between monomeric and dimeric forms.
Therefore, a catalytically dead ODC protein can exhibit domi-
nant-negative properties (116). In addition, OAZ binding to
ODC monomer leads to its inactivation and ubiquitin-indepen-
dent proteasomal degradation (117–120). The predominant
OAZ family member is antizyme 1 (OAZ1); OAZ2 is usually
expressed at significantly lower concentrations, and OAZ3 is
restricted to expression in testis (120, 121). Two ODC antizyme
inhibitors, AZIN1 and AZIN2, further contribute to the regu-
lation of ODC enzyme activity, a testament to the level of com-
plexity that governs cellular ODC expression in maintaining
polyamine homeostasis. Both AZINs are strikingly similar to
ODC but lack any decarboxylase activity due to critical amino
acid substitutions (122). Notably, AZINs bind to OAZ with
greater affinity than ODC, thus leading to a natural competition
and liberation of ODC from the inactive ODC–AZ heterodimer
complex (123).

OAZs are the only well-established proteins that physi-
cally interact with ODC, thereby regulating its activity and
degradation. We recently proposed that the ODC–OAZ–
AZIN regulatory mechanism is further controlled by a new
player, sepiapterin reductase (SPR), an enzyme that forms
tetrahydrobiopterin (BH4), a cofactor of nitric-oxide syn-
thase, and together form a quartet that co-regulates both
polyamine and NO biosyntheses (22). Because the predicted
SPR interaction sites are close to those of ODC, there might
be a competitive mechanism in which ODC and AZINs com-
pete for binding to SPR. Sulfasalazine (SSZ) is a salicylate-
based anti-inflammatory and immune-modulatory drug

approved by the FDA for the treatment of ulcerative colitis
and rheumatoid arthritis. SSZ is an SPR inhibitor (124), and
we confirmed this finding with purified and active SPR
enzyme.3 We found that SPR knockdown by RNAi reduces
endogenous ODC enzyme activity and leads to neuroblas-
toma tumor cell growth inhibition (22). In addition, high
SPR mRNA expression in human neuroblastoma tumors
samples correlated significantly with poor survival progno-
sis. We further showed that pharmacological interference
with SSZ inhibits neuroblastoma tumor cell growth, with
significant synergisms if combined with DFMO (25).

MYC–ODC axis

A number of reports in the mid-1980s hinted at a potential
connection between MYC and ODC, for example through
observations that included the concomitant overexpression or
co-amplification of MYC and ODC1 (125–128). However, a
study led by George et al. (129) at the UK Children’s Cancer
Study Group reported that co-amplification of MYCN and
ODC1 was not detected in seven cell lines and 87 primary
tumors. In contrast, more recent reports by the Hogarty group
proposed that 13–20% of MYCN-amplified neuroblastoma
tumors have co-amplification of ODC1 (130, 131). This MYCN
and ODC1 co-amplification demonstrates the first example of
targeted deregulation of an oncogenic transcription factor
(MYCN) and its oncogenic target gene (ODC1) (130).

Although MYC transcription factors activate a large number
of genes (25), ODC1 is one of the first and best characterized
bona fide targets. In 1992, the Cleveland group first reported
that the ODC1 gene is a direct transcriptional target of c-MYC,
resulting in a growth factor-independent expression of ODC1
(12, 13). The ODC1 gene harbors canonical MYC-binding sites
in its promoter that contain the conserved E-box motif. The
Cleveland group later demonstrated in vivo in E�-Myc trans-
genic mice that ODC1 is a critical MYC transcription target and
that targeting ODC with DFMO prevents tumor formation in
MYC-induced lymphogenesis (132). In this regard, it is note-
worthy that Zell et al. (133) described a single nucleotide poly-
morphism (SNP) in the region of the ODC1 gene E-boxes that
affects MYC and MAD binding to ODC1, and this SNP is linked
to colon cancer recurrence.

In 2004, we proposed the repurposing of DFMO for neuro-
blastoma in the clinic (10). This was based on the principal idea
that MYCN amplification is a key prognostic feature in high-
risk patients that confers poor prognosis (134), thus making the
MYCN–ODC axis an attractive drug target. At that time,
DFMO was already approved by the FDA for (intravenous)
treatment of West African sleeping sickness (trypanosomiasis).
DFMO was also available in oral form and had an excellent
safety record, thus making it a prime candidate for pediatric
cancer clinical studies. We performed a number of preclinical
studies over the years to investigate polyamine pathway–
associated enzymes and the impact of their inhibitors, includ-
ing ODC/DFMO, SAMDC/SAM486A, DHPS/GC7, polyamine
uptake receptor/AMXT-1501, SPR/sulfasalazine (8, 10, 11,
15–25), and combinations thereof in neuroblastoma. More

3 A. S. Bachmann and D. Geerts, unpublished data.
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recently, we studied DFMO in osteosarcoma (135) and endo-
metrial cancer (136). Notably, by early 2009, two excellent
papers by the Hogarty and Cleveland groups had independently
confirmed that DFMO inhibits tumor growth in vivo using the
transgenic TH-MYCN neuroblastoma mouse model (131, 137).
A landmark study with DFMO as a chemopreventive agent in
colorectal cancer, in combination with sulindac, was published
in 2008 by Meyskens et al. (7). A number of recent contribu-
tions by the Hogarty group further expanded our current
knowledge on the functional relevance of ODC and polyamines
in neuroblastoma (59, 130, 138 –140).

Although polyamine synthesis has received widespread
attention as a target for cancer therapy for close to 30 years, the
focus has primarily been on epithelial tumors (carcinomas)
(141). Clinical trials have predominantly been performed on
breast, cervix, colon, lung, and prostate carcinomas, with a few
additional studies in glioma and lymphoma (16, 141–143).
Most trials with DFMO monotherapy had no or moderate suc-
cess, except when used in a chemoprevention setting. However,
combination therapies with NSAIDs or conventional chemo-
therapy agents, for example, appeared to be much more effec-
tive (7, 141, 142). Indeed, these cancer types show frequent
aberration of one or more MYC genes, together with overex-
pression of ODC1 mRNA that appears regulated by MYC acti-
vation (see Table 1). Clearly, several additional carcinomas,
including head and neck, liver, ovary, pancreas, and uterus,
show this MYC–ODC1 activation pattern as well as some blas-

tomas (for example, glioblastoma, the peripheral nervous sys-
tem (PNS) tumor neuroblastoma, and the kidney tumor
nephroblastoma) and sarcomas. Most of these cancer types
could be selected for polyamine synthesis intervention studies,
and several successful animal models have been available for a
long time (144).

Neuroblastoma

Neuroblastoma appears amenable to polyamine inhibition as
cancer therapy. High-stage tumors have almost 50% MYCN
gene amplification and concomitant MYCN mRNA and pro-
tein overexpression (134), together with amplification and up-
regulation of the sentinel ODC1 polyamine synthesis gene (12,
13, 130, 131). MYCN up-regulation of AMD1, another sentinel
polyamine synthesis gene and bona fide target of MYC, was also
shown in neuroblastoma (145, 146). Later studies in the TH-
MYCN neuroblastoma mouse model (131, 137), and bio-infor-
matic analysis of large sets of human neuroblastoma samples
(see Fig. 2) (17, 18, 24), have now shown that genes connected
to polyamine biosynthesis (AMD1, AZIN1, DHPS, EIF5A,
MAT1B, ODC1, SMS, and SRM) are all up-regulated in neuro-
blastomas with MYCN amplification/up-regulation. In con-
trast, the OAZ2, PAOX, and SAT1 genes, involved in polyamine
catabolism, are all down-regulated in these tumors. Strikingly,
all these genes are also significantly prognostic for patient sur-
vival (18, 24, 130, 131).

Figure 2. Hypusine–polyamine pathway in human neuroblastoma. Shown is a graphical overview of the genes involved in eIF5A hypusination and
polyamine metabolism with their protein activities and metabolites. Spermidine is the sole substrate and is mandatory for the synthesis of hypusine in eIF5A.
Also shown are the action sites of the inhibitors used in neuroblastoma (NB) studies. References for additional inhibitor studies in neuroblastoma not named
in the main text are as follows: DENSPM (164) and PG11047 (165). Genes are highlighted in green or red according to their prognostic value in Zhang-498, the
largest publicly available RNA-Seq dataset for human neuroblastoma (166). Green or red indicates that high mRNA expression is significantly prognostic for
poor or good patient survival in Kaplan-Meier analysis, respectively. In addition, gene mRNA expression was analyzed for correlation with MYCN gene
amplification and MYCN mRNA expression using the R2 website (http://r2.amc.nl). (Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.) With the exception of DOHH and MAT1B, all other pathway genes that are prognostic for
neuroblastoma also appear to be regulated by MYCN in this tumor. For more details on the analysis see Refs. 17, 18, 24. Data from Zhang-498 are available at
the Gene Expression Omnibus database under accession number GSE62564. Reproduced with permission from Ref. 24. This research was originally published
in Biochemical Journal. C. R. Schultz, D. Geerts, M. Mooney, R. El-Khawaja, J. Koster, and A. S. Bachmann. Synergistic drug combination GC7/DFMO suppresses
hypusine/spermidine-dependent eIF5A activation and induces apoptotic cell death in neuroblastoma.. Biochem. J.2018; 475, 531–545. © Portland Press Ltd.
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The MYC– hypusine–polyamine network (147) appears to
be central to the progression of MYC(N)-driven cancers, such
as neuroblastoma, and is therefore eminently suited for novel
therapeutic intervention. Hypusine-dependent activation of
the eukaryotic translation initiation factor eIF5A is a unique
post-translational process that exquisitely depends on the
availability of spermidine, thus directly linking MYC(N), ODC,
and the polyamines (spermidine) to eIF5A-controlled transla-
tional mechanisms that drive the increased biomass production
necessary during tumorigenesis. In addition, eIF5A has been
connected to the LIN28/let-7 pathway, which is active in neu-
roblastoma (148 –150).

In support of this concept, the groups of Bachmann, Cleve-
land, and Hogarty (11, 18 –25, 130, 131, 137, 147) have per-
formed a number of preclinical studies with specific targeting
of the neuroblastoma MYC– hypusine–polyamine network
(see Fig. 2 for the inhibitors used. The legend lists the studies.).
DFMO was a potent inhibitor of the neuroblastoma cell cycle,
proliferation, and invasion (11, 20, 21). Other drugs that
also target the MYC– hypusine–polyamine network, GC7,
SAM486A, and AMXT-1501, were additive or synergistic with
DFMO, resulting in cell cycle arrest and/or apoptosis (11, 17,
19, 21, 23, 24). In studies with the TH-MYCN mouse model, the
Hogarty group showed that SAM486A and the NSAID cele-
coxib, which can activate SAT1, also potentiate DFMO activity
(130). Finally, DFMO enhances the activity of standard chemo-
therapeutic agents such as cyclophosphamide and cisplatin in
their studies (131).

Together, these preclinical studies strongly supported the
use of DFMO for neuroblastoma therapy in the clinical setting.
The first phase I trial with DFMO plus etoposide was launched
in 2010 in neuroblastoma patients with relapsed or refractory
disease, at Helen DeVos Children’s Hospital (Grand Rapids,
MI) and multiple consortium hospitals (coordinated through
the Beat Childhood Cancer Consortium, formerly known as
NMTRC). DFMO was well tolerated, and the therapy
resulted in longer progression-free survival (8). Currently,
several DFMO clinical trials are in progress (see Table 2) and
include a recently completed DFMO phase II maintenance
trial with neuroblastoma patients that are in remission but at
high risk for relapse (9). Table 2 also shows that DFMO is
being tested in addition to standard chemotherapy in newly
diagnosed patients with high-risk disease. The results are
eagerly awaited.

Considering the central role of polyamine metabolism in
many cancer hallmarks, ample possibilities remain for further
neuroblastoma combination therapies. One obvious strategy is
to combine the inhibition of polyamine biosynthesis with tar-
geting polyamine import, which was successful in neuroblas-
toma cell culture studies (23) and in a mouse melanoma xeno-
graft model (151). Interestingly, this combined polyamine
blocking treatment in vivo resulted in increased immune
response (151). Also, MYC genes are involved in tumor
immune response: they induce immune checkpoints like CD47
and PD-L1, regulate immune molecules like cytokines, and
thereby allow tumor cells to escape immune surveillance (152).
In exchange, this MYC dependence might make tumors vulner-
able to immunotherapy. An interesting link between MYC and
polyamines is arginase; it converts arginine to ornithine and
thus directly feeds into polyamine biosynthesis. High arginase
expression in neuroblastoma is prognostic for poor patient
outcome and significantly is positively correlated to MYCN
amplification and mRNA expression (results not shown and see
Refs. 153,154). Indeed, arginase activity in the TH-MYCN
mouse model was linked to decreased immune surveillance
and impaired immune therapy response through a yet unchar-
acterized mechanism (153, 154). It is not unthinkable that com-
bination therapies targeting MYC and polyamine metabolism
will evoke a synthetic lethal response, especially in high-risk
neuroblastomas.

Novel roles for polyamines

It has been well established that ODC is one of few proteins
rapidly regulated by a ubiquitin-independent proteasomal deg-
radation mechanism that requires interaction with ODC anti-
zyme (117–120). The C-terminal destabilization region (37
amino acids) of ODC is critical for ODC degradation in the
proteasome. Interestingly, it was shown that MYC interacts
with OAZ2 in the nucleus and nucleolus and can also accelerate
MYC degradation by the proteasome (155). Nucleolar MYC
plays a key role in positively regulating ribosomal RNA (rRNA)
synthesis, and therefore, OAZ2 contributes to pre-rRNA syn-
thesis through control of nucleolar MYC levels. This suggests
that OAZ2 is regulating ribosome biogenesis through MYC
degradation, but the detailed mechanisms remain unclear
(155). One explanation might be that OAZ2 contributes to
ribosome biogenesis by controlling the proteasomal degrada-
tion of both MYC and ODC, thereby regulating available

Table 2
Polyamine metabolism interventions in neuroblastoma: Clinical trials
All clinical trials on neuroblastoma intervention are based on polyamine level inhibition, as listed in the National Institutes of Health clinical trial database (https://
clinicaltrials.gov/; query date Aug. 8, 2018).

NCT no. Status Phase Patient status Interventions Drugs

NCT01059071 Completea 1 Refractory/relapsed DFMO to prevent recurrence Plus etoposide
NCT01586260 Active, not recruitinga 2 Remission DFMO to prevent recurrence Monotherapy
NCT02030964 Active, not recruiting 1 Refractory/relapsed DFMO to prevent recurrence Plus three agentsb

NCT02139397 Recruiting 1/2 Refractory/relapsed DFMO to prevent recurrence Plus bortezomib
NCT02395666 Active, not recruitinga 2 Remission DFMO to prevent recurrence Monotherapy
NCT02559778 Recruiting 2 New diagnosis DFMO in high-risk therapy Plus six agentsc

NCT02679144 Recruiting 2 Remission DFMO to prevent recurrence Monotherapy
a Results are published in Refs. 8 and 9.
b These are the three agents used: celecoxib, cyclophosphamide, and topotecan.
c These are the six agents used: bortezomib, crizotinib, dasatinib, lapatinib, sorafenib, and vorinostat.
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spermidine pools needed for the following: 1) spermidine-de-
pendent eIF5A hypusination (activation) and/or 2) spermidine-
dependent, mTORC-mediated eIF4E activation, both proteins
that play a role in the initiation, elongation, and termination of
mRNA translation and have been connected to tumor for-
mation (55–59). Pharmacological strategies to specifically
block spermidine-dependent hypusination of eIF5A by inhi-
bition of DHPS with GC7 alone or in combination with
DFMO have been explored for neuroblastoma in our lab (17,
18, 24). Inactivation of eIF5A (and/or possibly eIF5A2) is
expected to suppress mRNA translation and biomass pro-
duction, a prerequisite for the survival of hyper-proliferating
cells and tumorigenesis (147).

Polyamine metabolism has been linked to glycolysis in neu-
roblastoma cells (156). Impairment of glycolysis is able to trig-
ger signaling events that lead to the reduction of MYCN protein
levels and subsequent decrease of both ODC expression and
polyamine levels, accompanied by cell cycle blockade preceding
cell death (156). Moreover, c-MYC regulates a transcriptional
program that stimulates mitochondrial glutaminolysis, which
leads to glutamine addiction (157). Notably, c-MYC controls
metabolic reprogramming upon T lymphocyte activation and
links glutaminolysis to the biosynthesis of polyamines (33, 158).
These findings suggest that polyamines contribute critically to
the uptake and metabolism of nutrients and the addiction of
cancer cells to glucose as initially described by Warburg and
co-workers (159, 160).

An exciting new discovery was recently made by Zwighaft
and co-workers unraveling a novel mechanism through which
polyamines regulate circadian rhythms (161, 162). The
authors showed that polyamine levels oscillate in a daily man-
ner. Both clock- and feeding-dependent mechanisms regulate
key enzymes of polyamine biosynthesis through engagement of
BMAL1:CLOCK and core clock repressors PER2 and CRY1.
Notably, BMAL1:CLOCK is a heterodimeric master circadian
transcription factor that has E-box– binding sites and therefore
binds c-MYC and MYCN (163). Moreover, MYC alters the
oscillation of glucose metabolism and perturbs glutaminolysis,
thus suggesting a new link between oncogenic transformation
and circadian and metabolic dysrhythmia that involves poly-
amines and contributes to oncogenicity (163).

Finally, our group recently discovered a novel de novo path-
ogenic variant in the ODC1 gene in a 32-month-old girl with
developmental delay, alopecia, and dysmorphic features. The
mutation leads to the deletion of 14 amino acids at the ODC C
terminus which causes ODC protein and putrescine accumula-
tion in red blood cells. This is the first human case reported
that presents with this new syndrome (also referred to as
Bachmann–Bupp syndrome) and shows the importance of
ODC in human development (170). Treatment with DFMO to
counteract the increased ODC levels might be a therapeutic
option for this and future patients.

Conclusions

MYC genes are master regulators and importantly regulate
the development of many cancers. ODC1 encodes the senti-
nel, rate-limiting enzyme ODC, which contributes to the
biosynthesis of polyamines and represents an important

bona fide gene target of MYC genes. Polyamines are well-
studied polycationic molecules that orchestrate complex pro-
cesses in both normal cell growth and cancer development.
Because direct MYC inhibition continues to be a challenge,
the MYC–ODC-linked polyamine synthesis pathway pres-
ents an attractive downstream target for therapy and chemo-
prevention. DFMO is a well-tolerated ODC inhibitor that
has entered multiple clinical trials and appears to be most
effective against MYC-driven cancers that display a poly-
amine addiction phenotype, such as neuroblastoma. The
polyamine spermidine is the only available substrate to acti-
vate eIF5A via hypusination, a highly specific, post-transla-
tional modification that is instrumental in coordinating
eIF5A-dependent events during protein synthesis and the
translational control of cancer. Novel roles for polyamines
continue to be discovered and include proteasomal degrada-
tion, the circadian clock, and immunity, all events that are
controlled by MYC proteins.
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47. Coudé, M. M., Braun, T., Berrou, J., Dupont, M., Bertrand, S., Masse, A.,
Raffoux, E., Itzykson, R., Delord, M., Riveiro, M. E., Herait, P., Baruchel,
A., Dombret, H., and Gardin, C. (2015) BET inhibitor OTX015 targets
BRD2 and BRD4 and decreases c-MYC in acute leukemia cells. Oncotar-
get 6, 17698 –17712 Medline

48. Siu, K. T., Ramachandran, J., Yee, A. J., Eda, H., Santo, L., Panaroni, C.,
Mertz, J. A., Sims Iii, R. J., Cooper, M. R., and Raje, N. (2017) Preclinical
activity of CPI-0610, a novel small-molecule bromodomain and extra-
terminal protein inhibitor in the therapy of multiple myeloma. Leukemia
31, 1760 –1769 CrossRef Medline

49. Bouvard, C., Lim, S. M., Ludka, J., Yazdani, N., Woods, A. K., Chatterjee,
A. K., Schultz, P. G., and Zhu, S. (2017) Small molecule selectively sup-
presses MYC transcription in cancer cells. Proc. Natl. Acad. Sci. U.S.A.
114, 3497–3502 CrossRef Medline

50. Chen, Z., Wang, Z., Pang, J. C., Yu, Y., Bieerkehazhi, S., Lu, J., Hu, T.,
Zhao, Y., Xu, X., Zhang, H., Yi, J. S., Liu, S., and Yang, J. (2016) Multiple
CDK inhibitor dinaciclib suppresses neuroblastoma growth via inhibit-
ing CDK2 and CDK9 activity. Sci. Rep. 6, 29090 CrossRef Medline

51. Shan, C., Lin, J., Hou, J. Q., Liu, H. Y., Chen, S. B., Chen, A. C., Ou, T. M.,
Tan, J. H., Li, D., Gu, L. Q., and Huang, Z. S. (2015) Chemical intervention
of the NM23-H2 transcriptional programme on c-MYC via a novel small
molecule. Nucleic Acids Res. 43, 6677– 6691 CrossRef Medline
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Cancer is a set of diseases characterized by uncontrolled cell
growth. In certain cancers of the gastrointestinal tract, the ade-
nomatous polyposis coli (APC) tumor suppressor gene is altered
in either germline or somatic cells and causes formation of risk
factors, such as benign colonic or intestinal neoplasia, which can
progress to invasive cancer. APC is a key component of the
WNT pathway, contributing to normal GI tract development,
and APC alteration results in dysregulation of the pathway for
production of polyamines, which are ubiquitous cations essen-
tial for cell growth. Studies with mice have identified nonsteroi-
dal anti-inflammatory drugs (NSAIDs) and difluoromethylorni-
thine (DFMO), an inhibitor of polyamine synthesis, as potent
inhibitors of colon carcinogenesis. Moreover, gene expression
profiling has uncovered that NSAIDs activate polyamine catab-
olism and export. Several DFMO–NSAID combination strate-
gies are effective and safe methods for reducing risk factors in
clinical trials with patients having genetic or sporadic risk of
colon cancer. These strategies affect cancer stem cells, inflam-
mation, immune surveillance, and the microbiome. Pharmaco-
therapies consisting of drug combinations targeting the poly-
amine pathway provide a complementary approach to surgery
and cytotoxic cancer treatments for treating patients with can-
cer risk factors. In this Minireview, we discuss the role of poly-
amines in colon cancer and highlight the mechanisms of select
pharmacoprevention agents to delay or prevent carcinogenesis
in humans.

Background

Polyamines were described as early as the late 17th century
with their discovery credited to Van Leeuwenhoek as discussed
in Ref. 1. Their importance as targets for cancer treatment has
only become apparent since the 1960s, as highlighted in the
timeline shown in Fig. 1. In several seminal papers, Dykstra and
Herbst (2) and Raina et al. (3) reported strong associations
between concentrations of specific polyamines and tissue
growth in rodents. Russell and Snyder (4) extended these orig-

inal findings to other species and tumor models. In addition,
they demonstrated that the activity of ornithine decarboxylase
1 (ODC1) was rapidly induced by growth stimuli. They also
found that the enzyme had an exceedingly short half-life (�10
min), suggesting that ODC1 was under strict regulatory con-
trol. By the mid-1970s, O’Brien et al. (5) showed that a variety of
tumor promoters of different classes had similar abilities to
induce both ODC1 enzyme activity and skin tumor formation.
These reports were all important original findings but did not
provide evidence of cause– effect relationships between poly-
amines and growth.

Herbert Tabor, for whom this issue of minireviews is dedi-
cated on the anniversary of his 100th birth year, and colleagues
at the National Institutes of Health used genetic methods to
address the question of causality. They established that poly-
amines were not essential for growth of bacteria in general (6,
7), but the lack of enzymes to produce polyamines did compro-
mise bacterial growth under conditions that suggested poly-
amines were acting by a mechanism affecting protein transla-
tion (8). In collaboration with his wife Celia, Herbert Tabor
showed that polyamines were essential for growth in specific
strains of yeast (9, 10).

In this same time frame, Metcalf et al. (11) at the Merrell
Research Institute in Strasbourg, France (known by its French
name Centre de Recherche Merrell International-CRMI),
reported the synthesis of difluoromethylornithine (DFMO),2 a
highly targeted drug whose mechanism involved enzyme acti-
vation and irreversible inhibition of ODC1, in 1978. Scientists
at CRMI quickly reported the growth inhibitory and anti-tumor
effects of DFMO and other ODC1 inhibitors (12–14). These
early investigations found that the profound growth inhibitory
effects of DFMO were not accompanied by cytotoxicity. Slaga
and co-workers (15) used DFMO to show that inhibition of
polyamine synthesis could inhibit skin carcinogenesis in mouse
models and that the effect of the drug was on specific features of
tumor promotion. Kingsnorth et al. (16) were the first group to
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show DFMO inhibited colon carcinogenesis in a rodent model
of colon carcinogenesis, the dimethylhydrazine-treated rat.

Clinical trials of high-dose intravenous DFMO as a therapy
for advanced cancers were conducted in the 1980s and were
generally negative from both a safety and efficacy perspective
(17). Clinical trials in patients with conditions other than can-
cer were also conducted, and these trials led to regulatory
approval of high-dose DFMO administered intravenously for
treatment of patients with a form of African Sleeping Sickness
in 1990 (18) and a topical form of DFMO for female hirsutism in
2000 (19). Achieving regulatory approval of an oral dosage form
of DFMO has never been accomplished for any medical indica-
tion and is a current major challenge for development of this
and related drugs to treat cancer risk factors.

A major motivation for the work described in this Minire-
view was identification of risk factors for leading causes of dis-
ease and death in the United States and the understanding that
some of these factors are associated with the risk of cancer (20).
Many common risk factors, such as diet, tobacco use, high
body-mass index, air pollution, and low physical activity, are
not amenable to interventions with pharmacotherapies. How-
ever, some cancer-specific risk factors can be managed by phar-
macotherapies to reduce risk of disease and mortality analo-
gous to targeting high cholesterol in patients with a risk of
cardiovascular disease using pharmacoprevention strategies
(e.g. statins) (21). Cancer-specific risk factors that could be tar-
gets for pharmacoprevention strategies include intraepithelial
neoplasia (IEN) (22). Colorectal adenomas (CRA) are an exam-
ple of an IEN risk factor for colorectal cancer (CRC). Failure to
remove CRAs is associated with an increase in CRC in humans
(23). More recent studies indicate that screening for CRAs,
which is associated with the removal of large/advanced CRAs, is
strongly associated with a reduction in mortality (24). A signif-
icant challenge in the field of oncology is to determine whether
managing cancer risk factors, such as CRAs, with pharmaco-
therapies can prevent or delay cancer and reduce cancer disease
burden and deaths.

The major goal of the work summarized in this Minireview
was to understand the mechanistic basis of pharmacopreven-
tion agents and determine whether intervening in the poly-
amine pathway could be used successfully to delay/prevent car-
cinogenesis in humans.

Polyamines as mediators of colon carcinogenesis

Following the earlier observations of the association of
polyamines and growth, Luk et al. (25) took advantage of the
new inhibitor of this pathway, DFMO, to address the impor-
tance of polyamines in gut development in rodent models.
They reported that DFMO could delay gut development in
fetal rats and recovery from chemotherapy-induced gut
injury in adult rats (25). This finding led Luk et al. (25) to ask
whether the expression of ODC1 and polyamines, which
appeared to be important in normal gut mucosal develop-
ment, was altered in the apparently normal gut mucosa of
patients with familial adenomatous polyposis (FAP), a
genetic syndrome associated with near 100% risk of develop-
ment of colon cancer. They discovered that both ODC1 and
polyamines are elevated in the apparently normal colonic
mucosa of FAP patients and appeared to identify genotypic
individuals (26). Following the identification of the APC
gene in humans (27), the elevation of ODC1 enzyme activity
and polyamine contents in apparently normal colonic
mucosa of genotypic FAP patients was established (28).

Fig. 2 depicts the signaling of ODC1 and the polyamine path-
way in patients with FAP and in normal individuals. This depic-
tion is based on studies in humans and mouse models. Multiple
intestinal neoplasia in the ApcMin/� mouse model of FAP is
caused by a mutation in the murine homolog of the human APC
gene (29). Expression of ODC1 and other genes in the poly-
amine pathway, including the gene encoding the ornithine de-
carboxylase inhibitory protein antizyme (OAZ), are influenced
by the mutant APC-encoding gene in the mouse model (30).

Figure 1. Timeline of research findings linking the polyamine pathway to
cancer development. A, key observations and accomplishments (discussed
in text) that established the polyamine pathway as an integral aspect of car-
cinogenesis and a target for treating cancer risk factors. B, specific findings
and clinical trials in patients with FAP that supported the rationale for devel-
oping a combination drug product consisting of DFMO and an NSAID.

Figure 2. Role of the APC tumor suppressor gene in signaling expression
of genes regulating the polyamine pathway. Top (Normal), in individuals
with normal APC (APCWT), the canonical WNT pathway controls MYC expres-
sion (in part regulated by APC) and MYC target genes, including ODC and
other polyamine metabolic genes. Bottom (FAP), in genotypic patients with
FAP, ODC activity and polyamine contents in apparently normal mucosa are
elevated, compared with nongenotypic family members. In the ApcMin/�

mouse model, mutant APC is associated with an increase in ODC, a decrease
in antizyme (OAZ) RNA, and a consequent increase in intestinal tumor and
normal tissue polyamines. OAZ interacts with ODC 3A2 to initiate ODC deg-
radation and inhibits polyamine transport.
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ODC1 RNA levels were increased in both intestinal and colonic
mucosa, whereas OAZ RNA levels are decreased especially in
the intestinal mucosa of these mice.

Mechanistic studies in human cells support the pathway
depiction shown in Fig. 2. He et al. (31) showed that c-MYC is
transcriptionally activated by the APC signaling pathway, and
ODC1 was known to be a transcriptional target of c-MYC (32).
Conditional expression of WT APC in human colon cancer
cells containing mutant APC demonstrated that WT APC was
restrictive for ODC1 expression (33). This suppression de-
pended on the presence of canonical MYC-binding sites in the
ODC1 promoter. Tissue-specific knockdown of c-MYC in
ApcMin/� mice established that MYC was involved in APC-de-
pendent intestinal and colonic carcinogenesis (34) and that
treatment of ApcMin/� mice with DFMO reduced both intesti-
nal and colonic carcinogenesis (30, 35).

Polyamines may be involved in colon carcinogenesis due to
disruption in pathways other than the APC/MYC pathway.
Green and Hudson (36) have reviewed the roles of several sig-
naling pathways implicated in the development of colon can-
cers. KRAS-dependent tumorigenesis is inhibited by DFMO in
human Caco-2 xenografts (37), and colon carcinogenesis in
transforming growth factor � (TGF�)– deficient mice is asso-
ciated with changes in the polyamine and other metabolic path-
ways in the gut microbiome of these mice (38). The role of the
microbiome will be discussed further in a subsequent section of
this Minireview.

Drug combinations targeting the polyamine pathway to
inhibit carcinogenesis

DFMO was an effective but incomplete inhibitor of experi-
mental carcinogenesis in the ApcMin/� mouse (30) and other
models (39). Sporn (40) was an early advocate for using combi-
nations of agents as a means to increase efficacy and reduce
toxicity of treatments to suppress carcinogenesis. The non-
steroidal anti-inflammatory drug (NSAID) sulindac reduced
colonic and rectal polyps in patients with FAP in a statistically
significant but incomplete manner in a randomized placebo-
controlled trial (41). The efficacy of combinations of DFMO
with other NSAIDs, including paroxysm (42), indomethacin
(43), and aspirin (44), was reported for several models of exper-
imental carcinogenesis.

The precise mechanism by which NSAIDs inhibit carcino-
genesis remains elusive. Whereas NSAIDs are generally consid-
ered to work via their effects on cyclooxygenases and prosta-
glandin metabolism, noncyclooxygenase mechanisms have
been reported (45). Indomethacin suppresses the tumor-pro-
moter induction of ODC1 in experimental skin carcinogenesis
(46). To understand potential mechanisms of action of sulin-
dac, patterns of gene expression resulting from treatment with
sulindac sulfone, a sulindac metabolite lacking cyclooxygenase
inhibitory activity, were measured in human colon tumor-de-
rived cells (47). Sulindac sulfone inhibited cell growth and
induced apoptosis and the expression of the spermidine/
spermine N-acetyltransferase (SAT1), a polyamine catabolic
gene product implicated in polyamine export (48). The sulindac
sulfone induction of SAT1 gene expression was shown to occur
via the cyclooxygenase-independent transcriptional activation

of SAT1 by a peroxisomal proliferator-activated receptor
� (PPAR�)– dependent mechanism acting at a specific PPAR�-
responsive element in the SAT1 gene. Treatment of cells with
sulindac sulfone induces SAT1 and stimulates polyamine
export. Other NSAIDs also induce SAT1, and presumably poly-
amine export, but by unique mechanisms (49).

These results led us to hypothesize that combinations of
DFMO and NSAIDs, such as sulindac, might be working via
complementary mechanisms (depicted in Fig. 3) to suppress
dysregulated and high levels of polyamines in neoplasia by
inhibiting both polyamine synthesis and stimulating poly-
amine catabolism and export (50). Experimental studies in
the ApcMin/� mouse supported this hypothesis (DFMO and
sulindac combination in cancer chemoprevention; United
States patent no. 6,258,845, 2001) (51). A clinical trial of DFMO
and sulindac in patients with sporadic risk of colorectal cancer
showed dramatic efficacy to reduce both metachronous colo-
rectal adenomas (52) and rectal mucosal polyamine but not
prostaglandin E2 contents (53). Results from an international
clinical trial of DFMO and the NSAID celecoxib in patients
with FAP, and based on earlier preclinical data in the ApcMin/�

mouse (51), were reported in 2016 (54). This clinical trial found
that the combined DFMO-NSAID treatment had a highly sta-
tistically significant 80% reduction on global measures of tumor
burden from baseline, compared with the 30% reduction from
baseline for the NSAID alone. This trial reported a difference in
total polyp number from baseline in the two groups, but the
difference was not statistically significant. A trial of DFMO
combined with sulindac in patients with FAP is in progress and
uses a composite primary end point closely related to global
tumor burden (55).

Other drug combinations with DFMO are being investigated
in a number of preclinical cancer models. Several groups have
synthesized polyamine transport inhibitors (PTIs) (56 –58) that
suppress polyamine uptake as depicted in Fig. 2. PTIs appear to
work best in concert with a polyamine synthesis inhibitor, like
DFMO, to act as polyamine-blocking therapy (56, 59 – 61). PTIs

Figure 3. DFMO and sulindac reduce polyamines via dual mechanisms of
action. DFMO is an enzyme-activated irreversible inhibitor of ODC. As dis-
cussed in the text, DFMO has been reported to have some activity against
arginase. Sulindac and other NSAIDs can activate SAT1 by specific transcrip-
tional mechanisms. The diamine putrescine and the SAT1 products N1-ace-
tylspermidine and N1,N12-diacetylspermine are substrates for polyamine
export mediated by the solute carrier transporter (SLC3A2). Thus, DFMO acts
with sulindac and other NSAIDS in complementary ways to inhibit polyamine
biosynthesis (DFMO) and activate polyamine export (NSAIDS).
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are expected to begin clinical trial evaluations in the near
future.

Relevance of polyamines to the extracolonic sequelae of
APC mutations

The high penetrance of APC mutations in FAP results in
nearly 100% of patients developing colon and rectal cancer if
they retain their colons and rectums. Consequently, the stan-
dard of care for these patients in 2018 is colectomy with either
proctectomy or rectum-preserving surgery, followed by close
monitoring of any retained colonic/rectal tissue. Nonetheless,
these patients still develop several types of extracolonic
sequelae, including intestinal polyposis, especially in the duo-
denum, and other neoplasia, including desmoid tumors.

ApcMin/� mice express increased levels of ODC1 RNA and
polyamines in intestinal tissues, compared with normal litter-
mates. Administration of DFMO alone is effective in suppress-
ing carcinogenesis in the small intestines in these mice (30).
Combinations of DFMO and NSAIDS are potent inhibitors of
carcinogenesis in both the large and small intestines in this
model of FAP (51, 62). Isobologram analysis of drug– drug
interactions in human colon cancer-derived cells in culture
indicates that DFMO and sulindac, or its metabolites, interact
in at least an additive manner (63), supporting the conclusion
depicted in Fig. 3 that the two agents are acting by complemen-
tary mechanisms. The grade of intestinal polyps is polyamine-
dependent, and the anti-intestinal carcinogenic effects of sulin-
dac in ApcMin/� mice can be rescued by dietary putrescine (64).
Together, these findings support a role for polyamines in intes-
tinal carcinogenesis in ApcMin/� mice and the rationale for
combination DFMO and sulindac in therapy for this end point.
A current clinical trial evaluating the DFMO sulindac combi-
nation for control of intestinal polyposis is in progress (55)

ApcMin/� mice crossed with p53�/� mice show enhanced
formation of desmoid tumors, which are another example of
the extracolonic sequelae of loss of normal APC in germline.
The combination of DFMO and the NSAID piroxicam exerted
a moderate effect on development of desmoids in this model.
This combination reduced formation of desmoids by nearly
50% (62), which was significant but less substantial than the
effect this same combination exerted on intestinal carcinogen-
esis. These experimental findings suggest that the mechanisms
depicted in Figs. 2 and 3 are likely operational in the colon,
small intestine, fibroblasts (the source of desmoid tumors), and
other tissues. A major unanswered question is whether DFMO
alone or in combination with NSAIDs or other agents can be
used effectively to manage desmoids in a clinically significant
manner.

Mechanisms of cancer pharmacoprevention using drugs
targeting the polyamine pathway

DFMO is a targeted therapy acting in a very selective manner
to irreversibly inhibit a single enzyme (ODC1). There are lim-
ited data suggesting DFMO may have a modest effect on argi-
nase (65). Sulindac is a much less selective drug, acting by both
cyclooxygenase-dependent and -independent mechanisms.
The anti-growth effects of DFMO are reversed by adding an
extracellular source of polyamines, which can replete cellular

pools via the transport processes depicted in Fig. 2. The anti-
intestinal carcinogenic effects of sulindac can also be reversed
by providing ApcMin/� mice with putrescine in the drinking
water (64), supporting the conclusion that sulindac suppresses
tumor formation in these mice by a polyamine-dependent
mechanism.

Although DFMO and NSAIDs appear to affect the levels of
cell and tissue polyamines by influencing the activity and/or
expression of specific polyamine metabolic proteins, the mech-
anisms by which polyamines affect carcinogenesis are more
complicated. Evidence supporting some of these mechanisms
are further discussed in terms of the Hallmarks of Cancer, as
proposed by Hanahan and Weinberg (66, 67) and summarized
in Fig. 4.

Roles of polyamines in growth signaling, self-renewal,
invasion, and metastasis

The original Hallmarks of Cancer proposed six capabilities
that were general features of cancer. As seen in Figs. 2 and 4,
unregulated expression of genes like MYC or RAS lead to the
simple analogy of the “accelerator pedal stuck on,” where the
polyamines are the accelerant. Mutation/deletion of genes like
APC is loss of a “brake” on growth mediated by the polyamines.

Additionally, the polyamine metabolic genes ODC1 and
adenosylmethionine decarboxylase (AMD1) have been impli-
cated in the self-renewal of embryonic stem cells (ESCs) (68).
AMD1 has been shown to be essential for differentiation of
ESCs to neural precursor cells (69). Forced expression of either
ODC1 or AMD1 is able to maintain patterns of ESC gene
expression in the absence of inducers. Studies have not yet
demonstrated a role for polyamines or polyamine metabolic
genes in specific cancer stem cells. MYC is known to control the
balance of self-renewal and differentiation in hematopoietic
stem cells (70). Knockdown of c-MYC in the intestinal tract
reduces intestinal carcinogenesis due to mutant APC (34), but
intestinal homeostasis appears to occur in a MYC-independent
manner (71). It remains an unanswered question whether

Figure 4. Role of polyamines in Hallmarks of Cancer. Polyamine metabo-
lism is signaled by a number of pathways, including the APC-dependent
mechanisms, as in FAP, dietary factors acting via RAS, and other pathways and
the microbiome. Dysregulation of polyamine metabolism occurs when fea-
tures of these pathways are altered (e.g. mutations in APC and RAS). The
polyamines exert effects on a range of cell phenotypes, including Hallmarks
of Cancer such as growth signals, invasion and metastasis, broad aspects of
cell metabolism, inflammation, and immune responses.
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known MYC transcriptional targets like the polyamine meta-
bolic genes play any role in putative intestinal or colonic cancer
stem cells.

Polyamines mediate other cancer hallmarks, including inva-
sion (72) and metastasis (73). Dietary putrescine increases tis-
sue polyamine contents and intestinal tumor grade when
administered to ApcMin/� mice (64). DFMO inhibits cell motil-
ity and migration and suppresses tumor-forming ability in
colon tumor cells expressing an activated KRAS (37).

The distinction between “regulated” and “dysregulated” is an
important nuance in interpreting the consequences of the poly-
amine pathway on cell/tissue phenotypes. The polyamines are
associated with optimal growth in single and multicellular
organisms, but their regulation is equally important. The poly-
amines are critical to good health in humans, and some diseases
may be associated with age-related down-regulation of these
molecules (74). In a different context, loss of regulation (or dys-
regulation) of this pathway, as depicted in Fig. 2 for patients
with FAP, leads to severe pathological consequences, which are
largely reversible by agents targeting the polyamine pathway in
preclinical models (30, 51) and in initial clinical trials in humans
(54). The distinction has significant consequences for possible
therapeutic interventions. In the case of dysregulated metabo-
lism, such as occurs in cancer, therapies will aim to reduce
abnormally high polyamine levels. In the case of polyamine
deficiencies associated with regulated metabolism, therapies
will aim to increase abnormally low polyamines.

Roles of polyamines in deregulated metabolism

Deregulated cancer metabolism was added to the list of Hall-
marks of Cancer by Hanahan and Weinberg in 2011 (67). Can-
cer metabolism has many facets (75), and polyamines appear to
participate in several of these processes. Activation of SAT1
and polyamine acetylation suppresses tumor growth in the
transgenic adenocarcinoma of the mouse prostate (TRAMP)
model of prostate carcinogenesis (76), modulates polyamine
metabolic flux, and leads to broad metabolic consequences in
cell and rodent models (77, 78). Polyamine pools can affect the
production of 5�-methylthioadenosine, via the S-adenosylme-
thionine salvage enzyme 5�-methylthioadenosine phosphoryl-
ase (MTAP) (79). MTAP has been implicated in several cancers,
both as a tumor promoter (79) and suppressor (80). Inhibitors
of MTAP suppress growth and metastasis of at least one model
of human lung cancer (81).

Another facet of altered metabolism involving the poly-
amines is the LIN28/let-7 pathway, which is thought to play a
key role in the regulation of self-renewal of both normal and
cancer stem cells. LIN28 controls developmental timing in
Caenorhabditis elegans (82) and glucose metabolism in mice
(83). It cooperates with the WNT signaling pathway to promote
invasive intestinal and colonic carcinogenesis (84). An unbiased
screen of noncoding RNAs discovered that DFMO increased
the steady-state levels of a number of microRNAs, including
let-7, in human colon cancer– derived cells (85). The mecha-
nism of this increase was due to DFMO-dependent decreases in
cellular putrescine and spermidine pools and depletion of cel-
lular amounts of hypusine-modified eukaryotic translation ini-
tiation factor 5A (eIF-5A). The hypusine modification uses

spermidine as a substrate (see Minireview by Park and Wolff for
details (108)). Genetic knockdown experiments indicated that
eIF-5A was associated with expression of LIN28 protein, and
depletion of eIF-5A isoforms was associated with decreases in
LIN28 and increases in let-7 RNA. In neuroblastoma, let-7 is
regulated by multiple mechanisms, including the MYC family
member MYCN and LIN28. An unanswered question in this
field is as follows: can low levels of let-7 RNA be increased using
a small molecule like DFMO, or other drugs directed at the
polyamine pathway, in clinically significant settings in humans?

Role of polyamines in inflammation

Inflammation is a process that may be essential for tumori-
genesis (86). The polyamines have been implicated in inflam-
mation in cancer in several ways. One mechanism involves
polyamine oxidation with the generation of aldehydes and reac-
tive oxygen species (ROS) (87–89). This topic is dealt with
extensively in the Minireview by Casero and co-workers (109).

Ornithine, putrescine, and the polyamines are downstream
products of arginine metabolism, which has been widely impli-
cated in cancer and other inflammation-associated diseases
(90). Arginases convert arginine to ornithine, and specific argi-
nases have been implicated in H. pylori–associated gastric car-
cinogenesis by affecting host polyamine metabolism (91).
DFMO inhibits arginine- and NOS2-dependent carcinogenesis
in the ApcMin/� mouse model of FAP (35).

A novel mechanism of polyamine action in inflammation
involves the formation of neutrophil extracellular traps (NETs),
which have been implicated in tumor cell migration and metas-
tasis (92). NETs are composed of extracellular DNA, extruded
by an active process, that coats pancreatic and other tumor
cells. The tumor cells also produce and secrete the chemokine
CXCL8. NETs capture, as a consequence of CXCL8, circulating
neutrophils that also produce this chemokine and matrix met-
alloproteinases such as stromelysin. Together, these factors
promote tumor invasion and metastasis. Polyamines are in-
volved in the extrusion of DNA. Elevated polyamine levels lead
to the formation of nuclear aggregates of polyamines, which are
subsequently exported (93).

Treatment with the DNase of pancreatic cancer cells produc-
ing NETs suppresses measures of cell migration and motility.
Similarly, treatment of mice injected with xenografts of pancre-
atic cancer cells producing NETs reduces the growth of the
xenografts (92). It remains to be determined whether treatment
of tumor xenografts in mouse models, which is inhibited by
DFMO (37), does so by reducing the formation of NETs.

Roles of polyamines in anti-tumor immune responses

Polyamines are elevated in tumors, and inhibitors of poly-
amine metabolism exert their anti-tumor effects by acting on
both tumor cells (intrinsic cancer cell mechanisms) and the
tumor microenvironment (extrinsic mechanisms) (94). DFMO
alone or in combination with the statin rosuvastatin reduced
polyamines and enhanced natural killer cell activity associated
with cancer prevention in the azoxymethane-induced model of
colon carcinogenesis (95). Combination therapy with DFMO
and a polyamine transport inhibitor reduced tumor cell poly-
amines and relieved immunosuppression in the microenviron-
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ment allowing activation of anti-tumor T-cells to reduce tumor
growth in another mouse model of colon cancer (60). Poly-
amines have been broadly implicated in the function of normal
immune cells (96). The effects of inhibitors of polyamine
metabolism on tumor immunity and immune suppression may
involve both cancer cell intrinsic and extrinsic mechanisms, as
immune evasion may be tumor-induced in certain circum-
stances (97)

Role of the polyamines on the impact of diet and the
microbiome on carcinogenesis

Microorganisms in the human GI tract (referred to here as
the microbiome) are well established to impact colon carcino-
genesis, and its role in other cancer types and diseases contin-
ues to be investigated (98). Of note, the microbiome is a rich
source of exogenous polyamines and can contribute to the
overall polyamine content in an organism in normal and disease
settings. Through the microbiome and host sources, the GI is a
rich source of polyamines to support tumor growth (99). For
instance, the role of the microbiome in colon carcinogenesis
has been shown in germ-free mice that fail to develop colon
cancer in a TGF�-deficient mouse model that is predisposed
for cancer (100). Metabolomic analyses have identified in-
creased levels of N1,N12-Ac2Spm in both cancer and normal
host tissues of patients with bacterial biofilms (101). Treatment
of patients with antibiotics indicates that levels of N1,N12-
Ac2Spm are contributed by both the host and bacterial biofilm.
Biofilms containing tumorigenic bacteria appear to affect
colonic neoplasia at an early stage of carcinogenesis, based on
studies of apparently normal colonic mucosa from patients
with FAP (102). Urinary levels of N1,N12-Ac2Spm are highly
statistically and significantly associated with occurrence of
colon and breast cancer in humans (103).

Polyamines present in certain foods in the human diet have
been estimated (104), and these estimates have been associated
with risk of colon carcinogenesis in humans (105) and resis-
tance to the DFMO-sulindac therapy for reducing metachro-
nous colorectal adenomas in human clinical trials (106). It is
unlikely, however, that polyamines in the diet act as sources for
host tissue polyamine pools. Rather, the diet provides a source
of a number of elements (e.g. energy, red meat) that impact the
host via both direct metabolic mechanisms and indirect mech-
anisms mediated by the microbiome. The impact of diet on host
polyamine metabolism, assessed by measuring urinary poly-
amine levels, indicated that these other factors, rather than the
estimated dietary polyamine content, were more closely asso-
ciated with urinary polyamine contents (107).

Conclusions

The polyamine pathway is an important contributor to
both normal growth and development and specific patholo-
gies, including neoplasia. Dysregulation of the polyamine
pathway, as a consequence of tumor suppressor gene inacti-
vation (e.g. APC in colon carcinogenesis) or oncogene acti-
vation (e.g. MYC in colon carcinogenesis or neuroblastoma),
is causatively associated with carcinogenesis. Mechanisms of
this association include the role of polyamines in normal and
cancer stem cells, inflammation, immunity/immune eva-

sion, the microbiome, and diet and affect both tumor and
host. The relative importance of each of these mechanisms
linking dysregulation of the polyamine pathway and carcino-
genesis remains to be established in specific types of cancer.
Clinical evidence indicates that such therapies can success-
fully reduce risk factors for certain cancers (e.g. colonic and
intestinal polyposis for sporadic or genetic forms of colon
cancer). A major challenge for the future is to determine
whether these therapies can also reduce those specific can-
cers and decrease cancer-related deaths.
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Potassium channels that exhibit the property of inward recti-
fication (Kir channels) are present in most cells. Cloning of the
first Kir channel genes 25 years ago led to recognition that
inward rectification is a consequence of voltage-dependent
block by cytoplasmic polyamines, which are also ubiquitously
present in animal cells. Upon cellular depolarization, these poly-
cationic metabolites enter the Kir channel pore from the intra-
cellular side, blocking the movement of K� ions through the
channel. As a consequence, high K� conductance at rest can
provide very stable negative resting potentials, but polyamine-
mediated blockade at depolarized potentials ensures, for
instance, the long plateau phase of the cardiac action potential,
an essential feature for a stable cardiac rhythm. Despite much
investigation of the polyamine block, where exactly polyamines
get to within the Kir channel pore and how the steep voltage
dependence arises remain unclear. This Minireview will sum-
marize current understanding of the relevance and molecular
mechanisms of polyamine block and offer some ideas to try to
help resolve the fundamental issue of the voltage dependence of
polyamine block.

Physiology of inward rectifier potassium channels

Voltage-dependent changes in the conductance of K�, Na�,
and Ca2� channels underlie the electrical signals or action
potentials that are essential to all excitable processes, and
indeed to life itself (1). Physiologically, intracellular [K�] is
�140 mM, whereas extracellular [K�] is only �4 mM. As a con-
sequence, K�-selective conductances normally reverse at neg-
ative voltages and exhibit larger outward currents (at voltages
positive to the reversal potential) than inward currents (at volt-
ages negative to reversal) as illustrated in Fig. 1A. “Inward” or
“anomalous” rectification refers to the phenomenon whereby
K� conductance is paradoxically reduced at positive potentials.
It is a prominent feature of one major subfamily of K� channels,
the so-called “inward rectifier” (Kir) channels that are present
in almost all cells (2). The functional role of Kir channels
depends critically on the degree of inward rectification that
they exhibit. Classical strong inward rectification, first de-

scribed in skeletal muscle (3), is a property of a key current (IK1)
in cardiac myocytes, as well as in glial cells and neurons in the
central nervous system (4 –7). Rectification of these channels is
sufficiently strong that very little current flows at potentials
positive to about �40 mV. In the heart, the high-potassium
conductance at negative voltages ensures a very stable rest-
ing potential, but inward rectification results in suppression
of conductance at depolarized potentials, allowing for the
normally long plateau potentials that ensure a long refrac-
tory period and suppression of cardiac arrhythmias (8). In
contrast to classical inward rectifiers, renal Kir channels (9)
and ATP-sensitive K� (KATP) channels, present in multiple
cell types (10), display only “weak” rectification and allow
substantial outward current to flow at positive potentials.
Between the two extremes, potassium channels showing
intermediate rectification properties, many of these chan-
nels being strongly dependent on ligand activation, often
through G-proteins or other second messenger systems, are
particularly prominent in the brain (2).

Cloning of the first Kir channel genes in 1993 (11, 12) led to
the elucidation of the structural components of each of the
major types of inward rectifier channels, as well as the molecu-
lar basis of inward rectification. This Minireview represents a
personal review of this 25-year effort, highlighting the remain-
ing unknowns. For further insights, the reader is recommended
to other detailed reviews (2, 13, 14).

Structure of inward rectifier channels

Over the last 15 years, high-resolution crystal structures of
bacterial and eukaryotic Kir channels have revealed a highly
conserved architecture: Kir channels are generated by tetra-
meric arrangements of identical or similar Kir subunits, each of
which comprises a transmembrane domain (TMD)2 and a large
cytoplasmic domain (Fig. 1B) (15–17). The TMD is conserved
in overall structure throughout the potassium channel family
(18) and includes two membrane-spanning �-helices (the outer
and inner helices, termed M1 and M2, respectively) (19, 20),
connected by an extracellular turret region, a short pore helix,
and the ion selectivity filter. The selectivity filter (Fig. 1B, SF) at
the outer end of the channel generates the narrowest part of the
pore that contains four selective binding sites for K� ions.
Below the selectivity filter, the inner M2 helices line the “inner
cavity” continuation of the pore. Below that, the cytoplasmic
(Kir) domain, unique to Kir channels and consisting primarily

This work was supported by National Institutes of Health Grant HL140024 (to
C. G. N). This article is part of a series on “Polyamines,” written in honor of
Dr. Herbert Tabor’s 100th birthday. The authors declare that they have no
conflicts of interest with the contents of this article. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

1 To whom correspondence should be addressed. Tel.: 314-362-6630; Fax:
314-362-7463; E-mail: cnichols@wustl.edu.

2 The abbreviations used are: TMD, transmembrane domain; CNG, cyclic
nucleotide-gated; EK, potassium reversal potential.

THEMATIC MINIREVIEW

J. Biol. Chem. (2018) 293(48) 18779 –18788 18779
© 2018 Nichols and Lee. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

mailto:cnichols@wustl.edu


of multiple �-sheets, lines a long extension of the pore (the
cytoplasmic pore) below the transmembrane region through
which permeant ions and blockers must pass (Fig. 1B). Al-
though the cytoplasmic pore region is generally quite wide (Fig.
1B), and ions are likely to be fully hydrated within it, there is a
narrowing at what is termed the “G-loop,” potentially an addi-
tional location of channel gating (21, 22).

Mechanism of inward rectification
Pore-block by internal cations

We have a clear picture of the physically distinct processes
that underlie voltage-dependent transitions of the depolariza-
tion-activated Kv, Na�, and Ca2� channels. Following activa-
tion, current declines, a process referred to as “inactivation,”
which involves blocking of the pore by a positively charged

Figure 1. A, key features of inward rectification. Under normal physiological conditions (high [K�] inside and low [K�] outside), electrodiffusive
conductance through a K�-selective pore would result in large outward currents at positive potentials (top, dashed line). Inward rectification refers to
decreasing currents at more positive voltages, with either a weak voltage dependence (top, yellow line) or strong voltage dependence (red line). The
voltage dependence is assessed as the current relative to the unblocked or nonrectifying current (relative conductance, Grel) as a function of voltage
(bottom). B, structure of Kir channels. Two opposing (a and c) subunits of Kir2.2, resolved at 2.8 Å (75) (Protein Data Bank code 5KUM) are visible, with
the other two (b and d) subunits hidden, to show the ion-permeable pore of the channel. The pore is lined by distinct selectivity filter (SF), transmem-
brane inner cavity, and cytoplasmic pore regions. Residues that control polyamine-induced rectification in Kir2.1 are indicated (red), as well as residues
that induce strong rectification when an acidic substitution is introduced in Kir6.2 (yellow). All residues are numbered according to Kir2.1 sequence. C,
alignment of strong (Kir2.1 and Kir4.1) and weak (Kir1.1 and Kir6.2) Kir channel members. Representative members of Kir channel subfamilies are aligned
between residues 100 and 320 (in Kir2.1). Note conservation of negative residues at the rectification controller in strong inward rectifier Kir2.1 and Kir4.1
and variable conservation of other key pore-lining negative residues.

THEMATIC MINIREVIEW: Polyamines and potassium channels

18780 J. Biol. Chem. (2018) 293(48) 18779 –18788



cytoplasmic “ball” domain that gains access to its binding
site after the channel has opened (23, 24). Parallels between
the voltage-dependent inactivation of Kv channels and rec-
tification of Kir channels first led Armstrong (25) to hypoth-
esize that inward rectification might also arise from a funda-
mentally similar process, i.e. that inward rectification might
result from a positively charged substance blocking the
channel in a voltage-dependent manner, from the internal
side of the membrane. Mg2� and Na� ions were subse-
quently shown to cause such effects in weak inward rectifier
KATP channels (26, 27) and in cardiac inward rectifier chan-
nels (28), but a seemingly intrinsic and much more steeply
voltage-dependent process was clearly a dominant cause of
strong inward rectification in IK1 and other strong inward
rectifier channels (29 –31).

Polyamines as the cause of steeply voltage-dependent
“intrinsic” rectification

The first members of the Kir channel subfamily were
cloned in 1993, Kir1.1 (12) and Kir2.1 (32). This was rapidly
followed by cloning of multiple additional representatives of
ultimately all seven Kir subfamilies (2). The availability of
cloned Kir channels in the Kir2 subfamily (which encodes
the classical cardiac inward rectifier (33, 34)) permitted
high-level expression in endogenous system, and facilitated
the discovery of polyamines as the agents of strong inward
rectification (35–37). In macro-patch experiments on strong
inward rectifier channels expressed in Xenopus oocytes, we
first showed that rectification gradually disappears after
patch excision into divalent ion-free solutions (35), as earlier
reported in cardiac IK1 channels (38). Strikingly, however,
strong rectification was restored by placing excised mem-
brane patches close to the surface of the oocyte, suggesting
that soluble intrinsic factors released from the oocyte might
be the cause of the rectification. Size- and charge-exclusion
chromatography (35) indicated that the active agents were
small polycationic organic amines, and HPLC confirmed
that the naturally occurring polyamines (spermine, spermi-
dine, and putrescine) are indeed released from the oocyte
(35) (subsequently demonstrated to be through connexin
hemi-channels (39)). Critically, application of micromolar
levels of these polyamines to inside-out membrane patches is
sufficient to restore all the essential features of classical
inward rectification (Fig. 2A) (35, 36, 40, 41). The voltage
dependence of the spermine and spermidine block is mark-
edly steeper than Mg2� block (35, 36, 40, 41), which explains
why classical “intrinsic” inward rectification is much steeper
than that predicted by Mg2� block alone. The same essential
nature of polyamine-induced rectification has since been
demonstrated in all the Kir2 (34, 42– 44), Kir3 (45), and Kir4
(46, 47) subfamily members that exhibit strong rectification
physiologically. Members of the Kir1 and Kir6 subfamilies
exhibit only shallow inward rectification, shown to be a con-
sequence of only weakly voltage-dependent and low potency
(millimolar sensitivity) block by Mg2� and polyamines (27,
37, 48, 49).

In search of the voltage dependence of polyamine action: The
appeal of the “long pore plugging” concept

The steepness of the voltage dependence of polyamine block
increases roughly in direct equivalence to the charge on the
polyamine itself, from �2 (putrescine2�) to �3 (spermidine3�)
to �4 (spermine4�) (35, 36), although it can be even higher.
External potassium ions relieve polyamine-dependent rectifi-
cation by increasing the apparent polyamine off-rate (43), as

Figure 2. A, characteristics of polyamine-dependent rectification (redrawn
from Ref. 38). Left, Grel versus voltage plots for Kir2.3 currents in the presence
of 250 �M spermine4� (SPM), spermidine3� (SPD), or putrescine2� (PUT). Note
that both potency and steepness of the voltage dependence increase as the
polyamine size and charge increase. Right, Grel versus voltage plots for Kir2.3
currents in the presence of increasing spermine concentrations (25, 50, 100,
150, and 250 �M). The Grel-Vm curves shift in parallel. Note that there is both a
shallow and steep component to the voltage dependence for spermidine and
spermine. B, left, “long pore plugging” model of polyamine-dependent recti-
fication. Shallow rectification is assumed to arise from movement of the poly-
amine into the cytoplasmic cavity (pale site), up to the entrance to the inner
cavity, potentially carrying some polyamine charge into the electric field.
Steep rectification is assumed to arise from movement of the polyamine deep
into the pore, between the rectification controller and the selectivity filter
(dark site), with substantial polymine charge moving across the field and dis-
placing K� ions from the filter in the process. Center, “extended pore-filing”
model of polyamine-dependent rectification. Shallow rectification is as-
sumed to arise from movement of the polyamine into the cytoplasmic cavity
(pale site), in the process “pushing” on a “chain” of K� ions that extends
through the selectivity filter. Steep rectification is assumed to arise from for-
ward movement of the polyamine toward the rectification controller (dark
site), moving up to four or five K� ions through the selectivity filter in the
process. Right, “cavity-trapping” model for polyamine-dependent rectifica-
tion. We propose a new hybrid model that may reconcile objections to earlier
models. Shallow rectification is again assumed to arise from movement of the
polyamine into the cytoplasmic cavity (pale site), potentially displacing K�

ions into the inner cavity. The charge associated with block, determining how
steep rectification will be, is determined by the net charge on the wall of the
inner cavity. With four negative charges at the rectification controller, there
will be four K� counterions present. Steep rectification is then assumed to
arise from movement of the polyamine into the inner cavity, through a nar-
row single filing region at the entrance, in the process displacing these K�

ions into and through the selectivity filter.
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expected for a channel blocker that interacts with permeant
ions within the pore. As a linear molecule, spermine is very long
(almost 20 Å long), compared with a K� ion, but of similar
diameter (�3 Å). It was an obvious possibility that, in blocking
Kir channels, spermine lies along the pore axis, binding at mul-
tiple sites that would otherwise be occupied by K� ions. Our
original conception was that the polyamine would enter deeply
into the pore, entering what we now recognize as the selectivity
filter, which is otherwise occupied by two or more K� ions (18,
50), thereby achieving the necessary voltage dependence by
moving essentially all four spermine charges through the elec-
tric field–what we termed “long-pore plugging” (Fig. 2B).

Close inspection revealed that spermine block of Kir2 sub-
family channels also includes a shallow voltage-dependent
component at more negative voltages (Fig. 2A), which sug-
gested a second blocking component, perhaps within the cyto-
plasmic pore (Fig. 2B) (40, 51). We originally proposed two
concentration-dependent binding reactions (i.e. two poly-
amines independently entering the channel pore), and a
voltage-dependent transition deep within the electric field to
account for the steep voltage-dependent component of sper-
mine-induced rectification (40).

In this earliest conception, based on the original pore-block-
ing model of Woodhull (52), the voltage-dependent block
results from the movement of the charged blocker itself into the
electric field; interactions of the blocking particle with per-
meant ions are ignored. If the channel was blocked by only one
spermine molecule, but the entering spermine molecule had to
sweep out permeant ions to reach its binding site, excess charge
movement could result, as first pointed out by Ruppersberg et
al. (53), and hence the voltage dependence of the block at a
selectivity filter site could be underestimated.

In search of the voltage dependence of polyamine action:
Insights from channel structures

The Kir channel permeation pathway has now been eluci-
dated in exquisite detail (Fig. 1B), and many mutations that
affect polyamine blocking have been identified (Fig. 1A). Aspar-
tate 172, located in the M2 region of Kir2.1, was the first residue
implicated in the classical inward rectification of these chan-
nels. Subsequent mutational analyses showed that this residue
is a major determinant of both polyamine-blocking affinity and
voltage dependence (35, 37, 51, 54). Neutralization of this resi-
due in Kir4.1 reduces apparent affinity for both Mg2� and
spermine by 5 orders of magnitude (37). Conversely, introduc-
tion of a negative charge at the equivalent site induces strong
rectification in otherwise only weakly rectifying Kir1.1 and
Kir6.2 channels (48, 49); hence, this residue has been termed
the “rectification controller.” However, the rectification con-
troller does not exert an “all-or-none” effect. Some Kir channels
that exhibit relatively strong rectification lack an acidic residue
at this position (e.g. Kir3.2), and rectification is weakened but
not lost in Kir2.1[D172N] mutant channels (54 –56). Impor-
tantly, strong rectification can be induced in both Kir6.2 and
Kir2.1 not just when acidic residues are introduced at the rec-
tification controller residue but at any pore-facing location in
the inner cavity (Fig. 1B) (56, 57). It is thus generally agreed that
polyamines must directly interact with or sense the charge at

this site, but as discussed below, it is controversial whether this
is as far as the spermine gets or whether this residue determines
how much further the spermine travels in the blocking process.
Compelling support for the idea that the spermine actually
reaches beyond the rectification controller is provided by
experiments showing that spermine occupancy of the deep site
can protect against methyl thiosulfhydryl modification of cys-
teine residues introduced one helix turn above, but not one
helix turn below, the rectification controller (58, 59), as well as
in silico docking experiments that indicate stable spermine
binding at the top of the inner cavity and entrance to the selec-
tivity filter in Kir channel model structures (58).

Multiple other residues in pore-lining regions of the Kir
domain have also been shown to be important for polyamine
block (Fig. 1B), including two (Glu-224 and Glu-299 in Kir2.1)
that create a ring of negative charge near the top of the cyto-
plasmic pore (Fig. 1B) (19, 20). When these residues are neu-
tralized, the rate of block is slowed (56, 60, 61), and the apparent
affinity of the deepest site is reduced (51, 56, 60, 62, 63). In
addition, two more acidic pore-lining residues (Asp-255 and
Asp-259), which form a second ring of charge closer to the
cytoplasmic end of the channel (21), as well as a neighboring
aromatic residue (Phe-254 in Kir2.1) (64), also contribute to
polyamine block (Fig. 1B). At least for this lower negative
charge ring, the primary effect of neutralizing these residues is
on the rates of polyamine entry and exit to deeper sites within
the pore (64 –66), rather than on affinity, but still it seems clear
that multiple potential locations exist where spermine could
reside as part of the deep blocking process. Within the narrow
confines of the channel pore, it is likely that bulk electrostatics
will not apply and that significant long-range electrostatic
effects are possible (67), but these cytoplasmic pore-lining
charges are likely to be too far from the Asp-172 site for a single
bound spermine ion to directly contact both (Fig. 1B). As dis-
cussed below, these structural features of rectification have led
to a second model of inward rectification, which we will term
the “extended pore filing” model, to explain the uniquely steep
voltage-dependent block that is the essential feature of strong
inward rectification.

In search of the voltage dependence of polyamine action: The
appeal of the “extended pore filing” concept

Polyamine analogs of different lengths and valences highlight
the fact that movement of charged polyamines through the
transmembrane field cannot solely account for the steeply
voltage-dependent rectification of Kir2.x channels. Diamino
alkanes, with hydrocarbon length from 4 (putrescine, 1,4-di-
aminobutane) up to 12, all cause voltage-dependent rectifica-
tion (68). Putrescine blocks with an effective valence of �2, but
as the hydrocarbon chain length increases, the effective valence
of channel block increases up to the same steep voltage depen-
dence as the spermine block (i.e. equivalent to �4 –5 elemen-
tary charges) in 1,12-diaminododecane, which has a similar
length to spermine (68). Because these diamines all carry only
two charges, blocker migration across the electric field clearly
cannot then fully account for the steep voltage dependence that
is observed. Observations such as these add to the argument
that at least some of the voltage dependence of the polyamine
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block must arise from displacement of potassium ions by the
migrating polyamine as it approaches a binding site deep within
the Kir pore, “pushing” charge carried by K� ions through the
pore, and that shorter blockers might not migrate as deeply into
the channel pore as longer blockers, thereby displacing fewer
ions as they reach their binding site (56, 68).

Interestingly, despite their considerably higher charge,
extended polyamine analogs with up to 10 amines do not
exhibit any steeper voltage dependence than spermine (59, 69).
This is also consistent with the notion that the effective valence
associated with polyamine block does not depend on move-
ment of the entire blocker through the transmembrane field,
but rather the coupled displacement of permeant K� ions as the
blocker migrates to its maximal depth within the pore. In addi-
tion, modification of the terminal amines of spermine or other
polyamine analogs typically results in weakening of blocker
affinity but not of the effective charge associated with the block
(58, 70).

The recognition that the Kir cytoplasmic domain extends the
Kir channel pore into the cytoplasm raised the possibility that
there could be an extended chain of permeant ions connecting
the selectivity filter potassium ions through the inner cavity ion
to additional ions in the cytoplasmic pore (15). If so, polyamines
entering the cytoplasmic pore could “push” the chain, resulting
in ions at the head moving through the filter and carrying the
necessary charge associated with block across the electric field,
without a need for the polyamine itself to enter the electric field.
As originally envisioned (15, 56), such coupled movement of
polyamines and potassium ions through the pore requires that
that the ions move in single file. As subsequent mutagenesis
studies indeed implicated charged residues closer to the cyto-
plasmic side of the channel in controlling the voltage depen-
dence of rectification, Lu and co-workers (56, 64, 66, 70, 71)
have championed this “extended pore filing” model (Fig. 2B),
proposing that, even in its deepest site, spermine is located
below the rectification controller, outside the electric field, with
essentially all of the voltage dependence of rectification result-
ing from spermine “pushing” the chain of K� ions forward, and
in the process moving four or more K� ions across the filter and
through the electric field.

In search of a unifying model for inward rectification:
The contradictory issues

The two models described above are based on distinct con-
ceptions of the nature of the charge movement associated with
polyamine block and location of the polyamine within the Kir
channel pore. They can each account for specific features as
described above, but there are experimental findings that are
not readily accounted for by either. The “long pore plugging”
model, in assuming that steep voltage dependence arises from
the polyamine reaching the selectivity filter, cannot easily
account for the finding that charges far from this location (i.e.
Glu-224) can affect steady-state spermine affinity. Moreover, as
discussed below, no crystal structures have demonstrated
spermine binding at the top of the inner cavity or in the selec-
tivity filter of Kir channels. Conversely, the “extended pore fil-
ing” concept requires single ion filing to begin at the very bot-
tom of the cytoplasmic pore. Xu et al. (64) noted that at the level

of Phe-254, the pore is relatively narrow, potentially providing a
“gasket” through which spermine can enter in single file, but
this has not been tested further. More importantly, spermine
can be trapped inside Kir channels that are closed at or near the
M2 helix bundle crossing (72), and strong rectification can be
induced in Kir6.2 by introduction of a negative charge right at
the entrance to the selectivity filter (57), neither of which is
trivially consistent with spermine residing between the cyto-
plasmic pore and the inner cavity.

Some resolution of the above issues may ultimately be pro-
vided by high-resolution structures that unambiguously iden-
tify the location of polyamines within the Kir channel pore.
However, despite the availability of multiple Kir structures,
blocker-bound structures have remained rather elusive. In
2010, Clarke et al. (73) first reported KirBac3.1 structures with
spermine bound in the cytoplasmic vestibule or in the G-loop/
bundle crossing region, partially buried within subunit inter-
faces. Clarke et al. (73) also reported an axial spermine occupy-
ing the permeation pathway at residue Leu-124, corresponding
to the rectification controller residue Asp-172 in Kir2.1. How-
ever, electrophysiological or other functional studies of the
polyamine block of KirBac3.1 are lacking, and given that the
rectification controller is a neutral residue in KirBac3.1, it
seems unlikely that this channel will actually show strong
rectification (74). Hence, the ultimate relevance of these pro-
karyotic channel structures to strong inward rectification in
eukaryotic Kir channels is not entirely clear. Unfortunately,
subsequent high-resolution crystal structures of eukaryotic
Kir2.2 and Kir3.2, which are both bona fide strong inward rec-
tifiers, in numerous states and with multiple ligands bound (19,
20, 22, 75), have singularly failed to show bound polyamines. In
our own laboratory, we have obtained sub-3 Å resolution struc-
tures of Kir2.2 in the presence of even very high spermine con-
centrations, but we still have not observed unambiguous
spermine densities. Why not? Polyamines also cause inward
rectification of AMPA/kainate receptors (102), and recent
cryoEM structures of AMPA receptors (76) directly demon-
strate binding sites for spermine and related spider toxin and
adamantine derivatives. In this case, the blockers reside very
deeply within the pore, essentially filling the selectivity filter
itself, providing a ready explanation for the steep voltage depen-
dence of block by “long pore plugging” in these channels, with a
combination of blocker entry into the filter and displacement of
permeant ions.

In search of a unifying model for inward rectification:
A potential solution?

One poorly explained aspect of inward rectification just
might hold a clue to the explanation. Spermine and other poly-
amines also block cyclic nucleotide-gated (CNG) channels,
structurally related in the transmembrane region to Kir chan-
nels but lacking the Kir domain. CNG channel block exhibits a
very prominent U-shaped voltage dependence, in which sperm-
ine block is steep and potent, as in Kir channels, but is com-
pletely relieved at more positive voltages, resulting in an
N-shaped current-voltage relationship (77). This is most rea-
sonably explained as resulting from a voltage-dependent per-
meation, or “punch-through,” of the polyamine through the
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channel. Despite the very high potency and voltage dependence
of polyamine block of Kir channels, many also exhibit what is
clearly an incomplete block at the most positive voltages. This
has usually also been interpreted as resulting from a finite rate
of permeation of the polyamine through the channel, requiring
access to and through the selectivity filter (44, 65). However,
unlike CNG channels, the incomplete block of Kir channels
does not typically manifest as a voltage-dependent relief of
block, i.e. as increasing conductance at increasing positive volt-
ages, but rather there is a nonzero plateau in the conductance–
voltage relationship in the presence of polyamines (47, 62, 78).
The electric field may extend through the inner cavity to the
cytoplasmic pore, but is almost certainly most concentrated at
the selectivity filter (79), and therefore such a “standing” con-
ductance, rather than a voltage-dependent relief of block (as
seen in CNG channels), is not the predicted outcome of a
“punch-through” mechanism involving polyamines traversing
the electric field and permeating the channel.

Lu and co-workers (64, 66) have suggested that shorter
blockers may not efficiently occlude the channel pore, particu-
larly at shallow sites, and thereby some “slippage” or “bypass” of
permeating ions may contribute to the smaller observed effec-
tive valence of block by shorter polyamines. Although this idea
muddies the original “extended pore filing” concept by imply-
ing nonsingle-filing in the cytoplasmic pore, it does suggest an
appealing potential explanation of Kir channel rectification
that may resolve the above issues. We now propose a hybrid
model, which we will term the “cavity-trapping” model (Fig.
2B). The essential features of the model are that steeply voltage-
dependent polyamine block does require entry of the poly-
amine into the inner cavity of the channel, and it is only from
this location that spermine displaces multiple resident potas-
sium ions across the selectivity filter to achieve the relevant
voltage dependence of block. The model requires the following:
1) that there be single filing of ions (including polyamines) into
the inner cavity of Kir channels, and 2) that it is the inner cavity
that contains the necessary number of K� ions to achieve high-
charge movement across the filter. We suggest that this will be
essentially the same number of soluble cations as there are neg-
ative charges on the cavity surface; hence, there should be at
least four K� ions in the inner cavity with four acidic charges at
the rectification controller, but perhaps not even one with neutral
rectification controller residues. At first glance, these two premises
of the model run counter to two long-held assumptions: 1) that
when open and conducting, the entrance to the inner cavity should
be wide, and 2) that the inner cavity may contain just one, centrally
located, potassium ion. However, there is little or no evidence to
support either of these assumptions.

First, in all crystallized Kir channel structures, the pore is
narrow at the bundle crossing region, such that K� ions would
be excluded sterically from passing through. Even when
charges introduced at this location generate constitutively open
channels (80), or when all recognized gating requirements are
met by mutation and phosphatidylinositol 4,5-bisphosphate
binding (75), crystal structures are still so narrow as to require
single ion filing at the bottom of the TMD.

Second, exactly how many cations are present in the inner
cavity is a largely unaddressed issue. Although the inner cavity

volume is such that even a single K� ion within it will be at an
effective concentration of �1 M, far higher than the bulk solu-
tion, if the “rectification controller” residues are all charged,
then four counter charges must also be present. There are mul-
tiple lines of evidence that the acidic rectification controller
residues must be charged. (i) Asparagine or glutamine side
chains cannot substitute for aspartate or glutamate (81). (ii)
The valence and potency of spermine-dependent rectification
are dependent on the exact number of acidic charges at the
rectification controller (82, 83). (iii) The voltage dependence of
rectification is halved if only two acidic residues are present (e.g.
in dimeric construct channels (57)) or if four acidic residues are
present, but two positively charged moieties are also intro-
duced into the inner cavity above the rectification controller by
cysteine modification (84). (iv) methyl thiosulfhydryl triethyl-
amine (MTSET�) modification of the inner cavity below the
rectification controller causes kinetic trapping of spermine but
no reduction of voltage dependence (84). With compelling evi-
dence that spermine4� enters the inner cavity, it is reasonable
that, when absent, four other positive charges, i.e. four K� ions,
must be present.

The “cavity-trapping” model could provide a ready explana-
tion for the failure to identify bound polyamines in the channel.
First, because the model depends only on the net negativity in
the inner cavity to determine the steepness of rectification, it
can explain insensitivity of rectification to the exact location of
the “rectification controller” charges within the inner cavity
(57). Because it assumes that spermine in the inner cavity
replaces mobile potassium ions, the polyamine need not occupy
any single position. In addition, the model does not require that
the polyamine gain access to the selectivity filter itself, and
hence, even in a maximally blocked channel, K� ions may be
present in the filter. In these features, the model encom-
passes many of those in the “extended pore-filing” model but
restricts the action to the inner cavity, explaining why muta-
tions below this level, or even introduction of positive charge
within the inner cavity but below the rectification controller
(84), act primarily on polyamine access and not affinity. The
model can also provide a ready explanation for “standing”
conductance (i.e. incomplete block) in the maximally
blocked channel: if the polyamine fails to replace all K� ions
in the inner cavity, i.e. if the inner cavity negativity is enough
to hold more than four K� ions or if shorter polyamines do
not provide sufficient (i.e. �4) charges, then there may still
be residual K� ions within the cavity in addition to the poly-
amines, and a fixed “slippage” conductance of K� ions past
the polyamine into and through the filter could result. For
very long diamines, even though K� ions would be required
to follow the spermine into the cavity to maintain charge bal-
ance, the steric bulk of the molecule might be sufficient to force a
similar number of K� ions to leave the cavity as when spermine
enters. In contrast, for polyamine analogs that contain a bulky
headgroup, the polyamine tail may gain access to the inner cavity,
displacing K� ions and causing inward rectification, but the head
may block the entrance, thereby obviating any “slippage” conduct-
ance, as seen for instance in philanthotoxin block of Kir2 (44) or
Kir4 channels (47).
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Physiological and pathological relevance of polyamine-
dependent rectification

Cellular polyamine levels and Kir channel rectification

Polyamines have been of interest as cellular metabolites since
they were first discovered by van Leeuwenhoek in the 17th cen-
tury. Acting as stabilizers for DNA structure (85), they are
essential for normal and neoplastic cell growth and remain of
great interest in cancer biology (86), as well as in autoimmune
diseases (87), but their involvement in many cellular processes
may be related to their ion channel-blocking effects. Only
nanomolar to micromolar concentrations of free polyamines
are needed to reproduce the degree of potassium channel
inward rectification seen in intact cells (41, 88, 89), and induc-
tion of inward rectification may be the most potent physiolog-
ical property of polyamines. Although cellular polyamines are
typically highly buffered, total cellular polyamine concentra-
tions (10 –10,000 �M) (90) are sufficient to cause very strong
rectification of Kir channels. Given the steep voltage depen-
dence of polyamine block, it is likely that free cytoplasmic con-
centrations are always high enough to affect the degree of chan-
nel block somewhere within the membrane potential range
traversed during an action potential (�70 to �30 mV) and that
alterations of polyamine levels will therefore alter excitability.
Fakler et al. (41) demonstrated that inclusion of ATP in the
whole-cell patch-clamp pipette could relieve inward rectifica-
tion of Kir2.1 channels, consistent with chelation of free poly-
amines. Bianchi et al. (91) demonstrated relief of inward recti-
fication of endogenous currents in RBL-1 cells after treatment
with an inhibitor of the polyamine synthetic enzyme S-adeno-
sylmethionine decarboxylase. Such treatment resulted in
increased cellular putrescine and decreased spermidine and
spermine levels, with a shallowing of the I-V relationship and
significantly increased outward Kir currents. We observed sim-
ilar effects in Xenopus oocytes expressing Kir2.1 channels (92)
and utilizing a Chinese hamster ovary cell line that is deficient
in ornithine decarboxylase activity and requires putrescine in
the medium for normal cell growth (93). We also demonstrated
changes in rectification of expressed Kir2 (Kir2.3) channels, as a
result of polyamine depletion (92). In these cells, removal of
putrescine from the medium leads to a gradual decline in intra-
cellular levels of putrescine, then spermidine, and finally
spermine, and these changes correlate with alterations in chan-
nel-blocking kinetics predicted by excised-patch experiments
with varying polyamine concentrations. The effects of altered
polyamine levels on inward rectification and excitability in
intact tissues are largely unexplored, but in the hearts of mice
overexpressing ornithine decarboxylase (94), IK1 density was
reduced but, surprisingly, the voltage dependence of rectifica-
tion was essentially unchanged, despite putrescine and cadav-
erine levels being highly elevated (35-fold) and spermidine
increased by 3.6-fold (although spermine was essentially
unchanged). IK1 currents were also studied in myocytes from
Gyro mice in which spermine synthase is disrupted, leading to a
complete loss of spermine. In this case, IK1 current densities
were not altered, but the steepness of rectification was reduced
(94), demonstrating the role of spermine in controlling rectifi-
cation. Intracellular dialysis of myocytes with putrescine, sper-

midine, or spermine caused reduction, no change, and an
increase of the steepness of rectification, respectively (94).
Taken together with kinetic analysis of IK1 activation, these
results are consistent with spermine being a major rectifying
factor at potentials positive to the potassium reversal potential
(EK), spermidine dominating at potentials around and negative
to EK, and putrescine being of lesser significance in rectification
in the mouse heart.

Clinical relevance of inward rectification

Gyro mice demonstrate that even when spermine synthase is
completely absent, the homeostatic maintenance of other poly-
amines ensures that even though rectification is affected (94), it
is never likely to be fundamentally absent. Whether changes in
inward rectification play any significant role in the pathologies
resulting from altered polyamine metabolism, such as Snyder-
Robinson syndrome, in which spermine synthase is disrupted,
(95) remains unclear. Conversely, a consequence of altering
rectification by genetic mutation of the Kir channel has been
demonstrated (96). Although humans bearing Kir2.1 loss-of-
function mutations suffer from Anderson-Tawil syndrome
(97), characterized in part by long QT intervals on the electro-
cardiogram, heterozygous neutralization of the Kir2.1 “rectifi-
cation controller” (mutation D172N) in two affected individu-
als resulted in a gain-of-function relief of rectification and
increased Kir2.1 potassium current during the action potential
(96). This prematurely shortens the action potential, leading to
short QT syndrome (SQT3) (8). This predicts a steeper steady-
state restitution curve for SQT3 patients, which may predis-
pose them to reentrant arrhythmias (8).

It remains an unexploited possibility that pharmacological
manipulation of polyamine levels in specific tissues might be an
approach to treatment of disorders of excitability by altering
voltage dependence of potassium channel activity. An enor-
mous number of polyamine derivatives have been developed
(98, 99), but pharmacological approaches to modulate strong
inward rectifier potassium channels, in general, and to exploit
polyamine-dependent rectification, in particular, have not been
very forthcoming. However, a few polyamine analogs with well-
understood actions in other channels may have additional spe-
cific effects in Kir channels related to polyamine block. Meman-
tine is a blocker of glutamate receptor channels but also
suppresses Kir current amplitude in apparent competition with
spermine, causing cell depolarization (100). The antiarrhyth-
mic drug propafenone blocks human cardiac Kir2 channels,
apparently by decreasing the negative electrostatic charge
sensed by polyamines within the cytoplasmic pore (101).
Propafenone-induced block was markedly increased at lower
intracellular [K�] and decreased at more positive voltages,
resulting in effective reduction of inward rectification, consis-
tent with propafenone binding within the cytoplasmic domain
in such a way that it decreased the net negative charge sensed by
K� ions and polyamines.

Perspective and prospects

Expression cloning of the first inward rectifier channel genes
25 years ago led to elucidation of the structural basis of classical
anomalous rectifiers, G-protein–activated potassium channels,
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and ATP-sensitive potassium channels. High-level expression
of these cloned channels permitted the molecular basis of
inward rectification–voltage-dependent block by polyamines-
to be substantially defined. Despite that, a completely satisfying
structural basis of polyamine–Kir channel interaction has been
elusive. Although it is currently no more than a hypothesis, we
hope that the new “cavity-trapping” model we propose will spur
efforts to test it and that these efforts may help solve the long-
standing question of where the fundamentally steep voltage
dependence of inward rectification arises. From a physiological
and clinical perspective, the possibility that alterations in poly-
amine levels during altered physiological or pathophysiological
conditions might affect cellular excitability by altering Kir
channel rectification is also still underexplored. Although short
QT syndrome has been shown to result from a mutation that
decreases the cardiac Kir2.1-dependent IK1 channel rectification,
pharmacological exploitation of polyamine-dependent rectifica-
tion is also still an unattained goal.
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Most excitatory neurotransmission in the mammalian brain is
mediated by a family of plasma membrane– bound signaling
proteins called ionotropic glutamate receptors (iGluRs). iGluRs
assemble at central synapses as tetramers, forming a central ion-
channel pore whose primary function is to rapidly transport
Na� and Ca2� in response to binding the neurotransmitter
L-glutamic acid. The pore of iGluRs is also accessible to bulkier
cytoplasmic cations, such as the polyamines spermine, spermi-
dine, and putrescine, which are drawn into the permeation path-
way, but get stuck and block the movement of other ions. The
degree of this polyamine-mediated channel block is highly reg-
ulated by processes that control the free cytoplasmic polyamine
concentration, the membrane potential, or the iGluR subunit
composition. Recently, an additional regulation by auxiliary
proteins, most notably transmembrane AMPA (�-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid) receptor regulatory
proteins (TARPs), cornichons, and neuropilin and tolloid-like
proteins (NETOs), has been identified. Here, I review what we
have learned of polyamine block of iGluRs and its regulation by
auxiliary subunits. TARPs, cornichons, and NETOs attenuate
the channel block by enabling polyamines to exit the pore.
As a result, polyamine permeation occurs at more negative and
physiologically relevant membrane potentials. The structural
basis for enhanced polyamine transport remains unresolved,
although alterations in both channel architecture and charge-
screening mechanisms have been proposed. That auxiliary sub-
units can attenuate the polyamine block reveals an unappreci-
ated impact of polyamine permeation in shaping the signaling
properties of neuronal AMPA- and kainate-type iGluRs. More-
over, enhanced polyamine transport through iGluRs may have a
role in regulating cellular polyamine levels.

The first documented evidence linking polyamines to an
experimental observation can probably be attributed to the
work of pioneering Dutch microscopist, Antonie Van Leeu-
wenhoek (1), who in 1678, while observing spermatozoa, inad-
vertently noted crystal formation of polyamines in a specimen
of drying semen (2). The three naturally occurring polyamines,

namely spermine (Spm)2 (3, 4), spermidine (Spd) (5), and
putrescine (Put), would not be isolated nor formally identified
until several centuries later with much of the early seminal con-
tributions, especially in the area of the microbial biosynthetic
pathways, made by Dr. Herbert (or Herb) Tabor and his wife,
Dr. Celia Tabor (6 –11). Dr. Herb Tabor, who will celebrate his
100th birthday in November, 2018, could not have envisaged
the many areas of research impacted by polyamines, although
he and his wife appreciated early on, while working with Dr.
Sanford Rosenthal at the National Institutes of Health, the
ubiquitous cytoplasmic expression of polyamines and their
potential role in disease (12–14). Dr. Herb Tabor also contrib-
uted significantly to the growth of the Journal of Biological
Chemistry over many decades (6, 11); therefore, it is fitting that
the Journal has commissioned a series of minireviews on the
topic of polyamines to celebrate and reflect upon his life and
career.

Our understanding of the impact of polyamines, particularly
on membrane excitability, has advanced significantly in the last
2 decades beginning with a series of observations showing that
cytoplasmic polyamines block the pore regions of several volt-
age- (15–18) and ligand-gated (17, 19 –21) ion channel families
that are all cation-selective. Because Spm, Spd, and Put are pos-
itively charged at physiological pH, they are preferentially
attracted into the water-filled pore regions of cation-selective
channels where, due to their larger cross-sectional diameter (cf.
Refs. 22, 23), they obstruct the transport of smaller permeating
ions, such as Na�, K� and/or Ca2� (24, 25). The degree of
channel block is voltage-dependent; and as a result, the action
of cytoplasmic polyamines can finely tune cellular excitability
within the range of the resting membrane potential by regulat-
ing the number of channels available for activation. This prop-
erty of cytoplasmic polyamines is exemplified by their modula-
tion of G-protein– gated inward rectifier K� (GIRK) channels,
which slows the cardiac action potential (26, 27). Additional
studies have revealed other dynamic aspects of polyamine
channel block that include the following: (i) the regulated syn-
thesis of cellular polyamine levels through the activity of orni-
thine decarboxylase (28); (ii) the relief of channel block by activ-
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ity-driven unblocking of polyamines (29 –31); and (iii) by
trafficking polyamine-sensitive and -insensitive channels into
and out of the plasma membrane (32–34). More recent work
has identified an additional level of regulation of polyamine
block of ionotropic glutamate receptors (iGluRs) through their
association with several families of auxiliary proteins called
transmembrane AMPA receptor regulatory proteins (or
TARPs), cornichons (CNIHs), and neuropilin and tolloid-like
proteins (NETOs) (35–39).

In this Minireview, I will examine what we have learned
about the mechanism of polyamine block of iGluRs in the last 2
decades. A detailed treatise on the biophysical mechanism(s) of
channel block has been reviewed elsewhere (25, 40 – 42). Con-
sequently, more emphasis will be placed on recent work exam-
ining the structural make-up of the AMPAR and KAR ion
channel pore and how different mechanisms, particularly via
auxiliary proteins, modify their architecture to shape ion per-
meation and polyamine block of native channels.

What has emerged from this work is that most native
AMPARs and KARs have evolved distinct mechanisms to cir-
cumvent polyamine channel block. The two distinct mecha-
nisms that prevail in AMPARs include (i) the formation of an
electrostatic repulsion site at the apex of the pore, called the
Q/R site, and (ii) the co-assembly of AMPAR subunits with
auxiliary proteins, such as TARPs and CNIHs. Kainate recep-
tors have evolved three distinct mechanisms to attenuate poly-
amine block that include (i) electrostatic repulsion at the Q/R
site, (ii) structural instability of pore helices via proline residues,
and (iii) the modulatory effect of NETO proteins. Given the
persistent presence of polyamines in the cytoplasm of almost
all cells, these mechanisms ensure unfettered signaling by
AMPARs and KARs in the mammalian CNS.

Ionotropic glutamate receptors are differentially
sensitive to polyamine channel block

Ionotropic glutamate receptors mediate the vast majority
of fast excitatory signaling in the mammalian brain through
the activity of three major ion channel families that include
AMPAR receptors (AMPARs), N-methyl-D-aspartic acid
receptors (NMDARs), and kainate receptors (KARs) (Fig. 1)
(42, 43). The iGluR family also includes an additional orphan-
class family composed of �1 and �2 subunits (Fig. 1) that signal
via a metabotropic pathway, rather than an ion channel pore
(42), through the formation of a trans-synaptic scaffolding
complex (44). Whereas AMPARs and KARs can be strongly
regulated by cytoplasmic polyamines, NMDARs are relatively
insensitive to intracellular channel block (25). Curiously, how-
ever, NMDARs are antagonized in a voltage-dependent man-
ner by external Spm and polyamine spider toxins (45–50). Why
NMDARs are insensitive to cytoplasmic polyamines is unclear,
although it may relate to the narrower diameter (5.5 Å) and the
multi-ion occupancy of the NMDAR pore (51) compared with
the larger diameter (7–7.8 Å) (52) and the single ion-pore of
AMPARs and KARs (50, 53) that may be more suitable for the
blocker. Given the estimated radii of a sodium ion and a water
molecule to be 1.02 and 2.75 Å, respectively (54), and the inter-
nuclear distance between sodium and oxygen to be 2.35 Å (55),
these dimensions suggest that the 7–7.8 Å pore of AMPARs

and KARs is capable of transporting hydrated alkali metal ions,
such as Na�. As discussed later, subtle changes in the geometry
of the pore may be a critical factor in governing the degree of
block of iGluRs by polyamines especially as it relates to the
regulatory effect of auxiliary subunits on AMPARs and KARs.

Native AMPA receptor heteromers either possess or lack
the GluA2 subunit

AMPARs are found at almost all glutamatergic synapses and
in all brain regions (42, 43). Consequently, understanding how
they are regulated, including block by cytoplasmic polyamines,
has been an area of active investigation.

AMPARs are primarily responsible for the rapid millisecond
response rise time to the neurotransmitter, L-glutamate (L-Glu)
(40, 42). However, they also strengthen or weaken glutamater-
gic transmission by cycling into and out of synapses during
periods of sustained patterned activity or altered homeostasis
(56 –59). AMPARs can, in principle, assemble as homomeric
and/or heteromeric tetramers from any one of four possible
receptor subunits, namely GluA1 to GluA4, that were cloned in
the 1990s (60, 61). However, in situ hybridization (62) and sin-
gle-cell PCR studies (63–65) established during that time that
most brain regions and individual neurons express more than
one AMPAR subunit that usually includes the GluA2 subunit.
The current consensus is that neurons express a preferred fam-
ily of AMPARs (40, 57, 66). For example, studies in the hip-
pocampal and cortical brain regions suggest that most native
AMPARs assemble as GluA1/GluA2 heteromers or GluA2/
GluA3 heteromers (67–69). GluA1/A2 heteromers are pro-
posed to traffic into central synapses during periods of pat-

Figure 1. Ionotropic glutamate receptor families share a common tetra-
meric architecture. Left, X-ray crystal structure showing the tetrameric sub-
unit arrangement of the homomeric GluA2 AMPAR, which consists of four
distinct domains that include (i) an N-terminal domain (ATD), which directs
subunit assembly and receptor clustering at synapses (189); (ii) four clam-
shell-like ligand-binding pockets (LBD) (190); (iii) a TMD that forms a central
ion channel pore that transports Na� and Ca2� ions in response to neu-
rotransmitter binding (42, 43); and (iv) a cytoplasmic C-terminal domain (not
shown) that directs receptor trafficking and synaptic anchoring (191). Image
of structure was adapted from Ref. 192. Right, table of the four classes of iGluR
arranged with each of their respective subunits.
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terned activity triggered by the activation of Ca2�/calmodulin-
dependent protein kinase II, whereas GluA2/A3 receptors
are thought to constitutively cycle into and out of synapses
(69). Because EM studies estimate that the GluA3 subunit is
expressed at about a tenth of the level of GluA1 and GluA2
(70), it suggests that a significant proportion of all AMPARs
are earmarked for synaptic plasticity mechanisms (71).
Other combinations are also possible, for example, migrat-
ing and mature cerebellar granule cells are thought to
express GluA2/A4 heteromeric receptors (72, 73) as well as
femtosiemens conductance channels that are consistent
with GluA2 homomers (72).

There are, of course, exceptions to this general rule of the
inclusion of GluA2. For example, several studies using single-
cell PCR and/or antibody staining to document the expression
level of different AMPAR subunits have identified some cells
that either lack the GluA2 subunit entirely or express it at low
levels. Cerebellar Bergmann glia cells (63, 74) and inhibitory
interneurons of the basolateral amygdala (75, 76) are apparently
devoid of GluA2, whereas dentate gyrus basket cells and some
interneurons of the hippocampus, such as parvalbumin-posi-
tive (PV�) basket cells (63, 65), and a fraction of neocortical
fast-spiking nonpyramidal (64) and pyramidal layer V cells (77)
all express low levels of GluA2. It is possible that other neurons
and/or glial cells express GluA2 at diminished levels; how-
ever, their distribution has yet to be formally investigated.
To complicate matters further, individual neurons may
express both GluA2-lacking and GluA2-containing recep-
tors which, in some cases, have been shown to be segregated
to different synapses of the same neuron. For example, syn-
apses of individual stratum lucidum hippocampal interneu-
rons express GluA2-containing AMPARs when innervated
by axon collaterals from CA3 pyramidal neurons and GluA2-
lacking AMPARs when innervated by mossy-fiber axons of
dentate gyrus granule cells (78). Interestingly, cells with
reduced levels of GluA2 often express GluA1 and GluA4
receptor subunits. Whether GluA1 and GluA4 assemble as
distinct populations of homomeric channels or heteromers
in these cells is still not clear; although gene knockout stud-
ies reveal that both subunits contribute similarly to the
ensemble AMPAR response of hippocampal PV� basket
cells (79). GluA4-containing AMPARs are also one of the
most prominent receptors expressed in the developing brain
especially in inhibitory interneurons (80 –82). Compared
with the delivery mechanisms described for GluA1/A2 het-
eromers, GluA4-containing AMPARs appear to follow a
different set of trafficking rules that is independent of Ca2�/
calmodulin-dependent protein kinase II and relies on sponta-
neous synaptic transmission rather than patterned neuronal
activity (83). Consequently, receptor trafficking into and out
of individual synapses is governed by the repertoire of
AMPAR subunits that make up individual AMPAR hetero-
mers. As explained below, the separation of native AMPAR
populations into GluA2-containing or -lacking receptors not
only affects receptor trafficking but also impacts the chan-
nel’s functional behavior, including block by cytoplasmic
polyamines.

GluA2 subunit determines ion-flow through the AMPA
receptor pore

AMPARs have been grouped into two functionally distinct
families based on the presence or absence of the GluA2 recep-
tor subunit (25, 40, 41, 84). GluA2-lacking AMPARs possess ion
channels with a large single-channel conductance (73), appre-
ciable Ca2� permeability (85–87), and high affinity to poly-
amine block (19, 88 –90). In contrast, GluA2-containing recep-
tors typically have much smaller unitary events (73), divalent
impermeability (85–87), and insensitivity to polyamine block
(19, 91). The exact copy number of GluA2 per AMPAR
tetramer has been a matter of debate with some suggesting that
the GluA2 content is variable (92) or fixed (93). However, a
recent cryo-EM structure of the intact GluA2/A3 AMPAR sug-
gests that they can assemble in a 2:2 fixed format with the
GluA2 subunits occupying positions proximal to the pore (94).
There is also evidence for the existence of a third class of
AMPAR which, although similarly Ca2�-permeable, is charac-
terized by its near-insensitivity to internal and external channel
block by polyamines (40). Although its exact molecular compo-
sition still remains unknown, AMPARs with these characteris-
tics have been observed in the retina (95, 96), brain stem (97),
cerebellum (33, 98), and glia progenitor cells (40, 99).

The critical role of the GluA2 subunit in determining sensi-
tivity to polyamine block is due to RNA editing of an exon that
encodes a critical residue in the GluA2 AMPAR pore region,
called the Q/R site (Fig. 2) (100 –102). The resulting codon
change in GluA2 RNA transcripts, from an adenosine to inos-
ine due to adenosine deaminase acting on RNA type 2 (ADAR2)
activity (103–105), results in a switch in the amino acid
sequence from a glutamine (Gln) to an arginine (Arg) (106,
107). Almost all transcripts of GluA2 are fully edited (�99%
efficiency), which means that the Q/R site of all GluA2 receptor
subunits contains a positively charged Arg (85, 101). The activ-
ity of ADAR2 is particularly remarkable in this regard because
RNA editing of most other signaling proteins, such as potas-
sium channels and sodium pumps, is much less efficient (106).
In contrast, transcripts of GluA1, -A3, and -A4 are not sub-
ject to editing at this site; consequently, these subunits con-
tain a Gln at the Q/R site instead. The specificity of ADAR2’s
actions on GluA2 is due to the cis-acting intron downstream
of the unedited exonic site that is absent from GluA1, -A3,
and -A4 and forms a dsRNA structure needed for editing
(100, 104, 105, 107).

To complicate matters, unedited AMPARs possess at least
3– 4 subconductance levels that range in amplitude from 5 to 7,
10 to 15, 20 to 25, and 30 to 40 pS (73, 108 –111). In conditions
of reduced AMPAR desensitization, the distinct sublevels cor-
respond to the fractional occupancy of each of the four ligand-
binding sites with agonist molecule (72, 108, 112). However,
when desensitization is intact, the subconductance levels have
been proposed to correspond to the number of desensitized
subunits per tetramer (113). Under these conditions, the sub-
levels have been linked to conformations occurring within the
ligand-binding domain dimer interface (114, 115) and/or the
extracellular portion of the �-helix of transmembrane domain 3
(M3) (112). Based on what we know about other tetrameric ion

THEMATIC MINIREVIEW: Polyamine-mediated block of iGluRs

J. Biol. Chem. (2018) 293(48) 18789 –18802 18791



channels (116), it is unlikely that the distinct AMPAR open
states of the channel correspond to significant structural re-ar-
rangements of the pore region. It is possible, however, that each
subconductance state may be distinguishable by their relative
permeability to different cations. For example, in Shaker K�

channels where inactivation has been slowed, the different sub-
levels observed during sequential channel activation have dif-
ferent selectively for alkali metal ions (117, 118). The smaller
and intermediate open states are more permeable to Rb� ions,
whereas the main open state is more permeable to K� (117,
118). Whether the different AMPAR subconductance levels are
similarly distinguishable in their ability to transport different
cations remains to be investigated.

In contrast, AMPARs containing four positively-charged Arg
residues at the Q/R site, as would occur with homomeric
GluA2(R) homomers, exhibit a dramatically reduced unitary
conductance (73) and lose their selectivity for cations (52). Uni-
tary events mediated by GluA2(R) AMPARs are too small to be
resolved by conventional single-channel recordings and thus
have been estimated to be 300 femtosiemens using stationary
noise analysis (73). Experiments on homomeric GluA2(R)
channels suggest that the channel is not exclusively cation-se-
lective but also exhibits anion permeability with the relative
permeability of Cl� to Cs� estimated to be 0.17 (52). The
impact of the inclusion of an Arg at the Q/R site on unitary
conductance and/or cation versus anion selectivity cannot be
explained by differences in the cross-sectional diameter of the
pore that are similar for both Q- and R-forms (52). Instead, the
positively-charged Arg ring structure at the selectivity filter is
proposed to attract anion binding while repelling divalent ions
(52). The electropositive nature of the pore would also disfavor
monovalent cation transport accounting for the much-reduced
unitary channel conductance (73).

Less is known about the impact of the Q/R site on recombi-
nant heteromeric AMPARs, such as GluA1/A2 or GluA2/A3
receptors, due to the difficulty of obtaining single-channel
recordings that are not contaminated by the expression of
homomeric channels. The recent GluA2/A3 AMPAR structure

suggests that the pore region of heteromers has a 2Q:2R
arrangement (94), which would be expected to impact cation
transport. In keeping with this, earlier work by Swanson et al.
(73) had shown that the single-channel events of GluA2(R)/
A4(Q) heteromers had a main conductance of 4 pS when
compared with the 8-pS main open state of GluA2(Q)/A4(Q)
heteromers, which is similar to observations reported for
GluA1(Q)/A2(R) heteromeric channels (93). Heteromeric
channels are strictly cation-selective (52) suggesting that,
unlike homomeric GluA2(R) channels, the presence of only
two Arg residues at the Q/R site is insufficient to attract
anions into the pore.

Molecular architecture and block of the AMPA receptor
pore

Prior to any direct structural insight, the Q/R site was already
recognized as being at the apex of a re-entrant loop facing the
extracellular vestibule of the channel (119 –121). This struc-
tural arrangement is comparable with the pore architecture of
other ion channels, such as K� channels, Na� channels, Ca2�

channels, and cyclic nucleotide-gated ion channels, which are
now collectively known as pore–loop channels (122–125). The
commanding position of the Q/R site makes it suitable to act
as a selectivity filter of cations entering the extracellular or
intracellular vestibules of the pore. When the pore region of
AMPARs contains four neutrally-charged glutamine (Gln) res-
idues at the Q/R site, such as GluA1/A4 heteromers, they are
thought to form a single ion– binding site at the narrowest
region of the pore that controls the transport of both monova-
lent and divalent cations (53). Because the permeability of all
alkali metal ions, such as Na� and K�, is similar for unedited
Q-form AMPARs (52), cations are thought to be transported
without losing their inner water shells, which is probably not
the case for the NMDAR pore that possesses multiple ion–
binding sites (53, 126). As mentioned above, this property is in
keeping with the cross-sectional diameter of the AMPAR and
KAR pores that have been estimated to be 7–7.8 Å (52). Exactly
how the electrostatic environment of the AMPAR pore is

Figure 2. Sequence alignment of M2 re-entrant loop and M3 helix of different iGluR families. A, sequence comparison of the GluN1 and GluN2A NMDAR
subunits with GluA2(R) AMPAR and the GluK2(Q) KAR subunits. The apex of the M2 pore loop of all iGluR families is capped by the Q/R/N site. In AMPARs and
KARs, the Q/R site together with the �4 site (Asp in AMPARs and Glu in KARs) govern the degree of polyamine block. All iGluR families possess a conserved Asn
residue in the M3 helix that contributes to the high-divalent permeability of the pore. B, cryo-EM structure of the GluA2(Q) AMPAR pore adapted from Protein
Data Bank code 5WEO.

THEMATIC MINIREVIEW: Polyamine-mediated block of iGluRs

18792 J. Biol. Chem. (2018) 293(48) 18789 –18802



altered when the Q/R residues contain both Gln and Arg resi-
dues, as would occur with GluA1/A2 or GluA2/A3, is not
known.

The Q/R site is not the only residue that affects divalent per-
meability and polyamine block of AMPARs. Jatzke et al. (127)
examined the role of several residues in the third transmem-
brane domain (M3) of AMPARs, including the conserved
asparagine residue (N or Asn) of the SYTANLAAF motif and
the highly-charged, extracellular vestibule formed by the
DRPEER motif of the NR1 subunit, each of which have been
linked to high Ca2� permeability of NMDARs (Fig. 2) (128). As
anticipated, mutation (Asn to Lys or Cys) of the conserved Asn
in M3 of GluA2 AMPAR channels strongly attenuated divalent
permeability establishing that this residue makes a significant
contribution to Ca2� influx in both AMPARs and NMDARs
(127). Importantly, mutation of the Asn did not affect poly-
amine block (127) demonstrating that the ability of AMPARs to
transport divalent ions can be uncoupled from their suscepti-
bility to channel block. In contrast to NMDARs, the Glu and
Arg residues C-terminal to M3 had only a minor effect on the
divalent permeability of AMPARs and had no effect on KARs
(127), although this region has been linked to regulation of
KARs by auxiliary NETO proteins (129). Interestingly, another
study also noted the uncoupling of Ca2� permeability and poly-
amine block by mutating the negatively-charged Asp (to Asn)
or Glu residue of AMPARs or KARs, respectively, which is four
residues downstream of the Q/R site in the M2 (Fig. 2) (130). In
this case, however, the �4 site attenuated polyamine channel
block while apparently retaining high-divalent permeability
(130). Panchenko et al. (121) explained this finding by propos-
ing that there are multiple binding sites for the distributed
charged amine groups in each polyamine molecule with the �4
site being located close to the cytoplasmic entrance of the chan-
nel pore. In keeping with this, mutation of the Q/R site (e.g. Gln

to Asn (130)) was also shown to eliminate polyamine block
while retaining divalent permeability (85, 130, 131) suggesting
that polyamine molecules traverse multiple regulatory contact
points in the pore.

To examine the structure of the ion-permeation pathway,
Twomey et al. (132) compared the GluA2 AMPAR in condi-
tions that promote the open or closed state of the channel. The
closed conformation was favored by purifying the ZK200775
antagonist-bound GluA2 AMPAR in a covalent fusion con-
struct with germline-specific gene 1-like (or GSG1L). GSG1L is
an AMPAR auxiliary subunit that slows recovery from desensi-
tization (133), and thus, the authors reasoned that it would
promote the closed state of the channel (either resting and/or
desensitized) (132, 134). The open conformation was achieved
by purifying the agonist-bound GluA2 AMPAR in complex
with the transmembrane AMPA receptor auxiliary protein (or
TARP), stargazin, or �2 (132), which, unlike GSG1l, promotes
the channel open state (135, 136). The stability of the open state
was further promoted by obtaining cryo-EM structures in the
presence of the positive allosteric modulator, cyclothiazide
(CTZ), which attenuates AMPAR desensitization (137). As
elaborated below, these structural studies support the idea that
the Q/R site, the �4 site, and conserved Asn of M3 are all ideally
positioned to influence ion flow through the pore region of
AMPARs (Figs. 3 and 4).

As can be readily appreciated from these structures, access of
ions to the Q/R site is regulated by movement of the M3 bundle
crossing composed of the Thr-617, Ala-621, Thr-625, and Met-
629 residues (Figs. 3 and 4). In the closed position, the bundle
crossing occludes access to the Q/R site (i.e. Gln-586, Fig. 3)
whereas in the open conformation, it kinks out into a hydro-
phobic cavity in the middle of the channel pore (Fig. 4). A sec-
ond constriction is formed below this cavity by the re-entrant
loop of M2, which may operate as a lower gate much like other

Figure 3. Closed conformation of the GluA2 AMPAR. A, cryo-EM structure of the GluA2 AMPAR in complex with the auxiliary protein, GSG1L, and the
antagonist, ZK200775, which promote channel closure. B, closer view of the ion-conduction pathway (violet) with pore-lining residues in the M2 and M3
segments of subunits A and C shown in yellow highlighting the Q/R site (Gln-586) and �4 site (Asp-590). Adapted from Ref. 132 with permission.
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tetrameric ion channels, such as K� (138) and TRPV1 channels
(139). In the closed conformation, the M2 helix below the Q/R
site has an extensive network of hydrophobic interactions that
are formed between M1 and M3 regions of the same subunit as
well as M3 of the adjacent subunit (Figs. 3 and 4) (132). The
open-pore dimensions shown in Fig. 4 fall short of the 7–7.8 Å
measurement estimated for AMPARs and KARs (52), and
therefore, our current model would not be expected to trans-
port hydrated monovalent cations, such as Na� (see text
above). Although molecular dynamics simulations of the open
channel structure (140) and electron density measurements of
the selectivity filter (see extended data, Fig. 5, B and C, of Ref.
132) suggest that the pore is in an open configuration, it is likely
that more information is still needed to understand the molec-
ular architecture and dimensions of the fully open AMPAR
pore. Twomey et al. (132) also note that the pore loop is appar-
ently more flexible in closed-state structures but more ordered
in the open state to facilitate ion transport through the pore. As
discussed below, flexibility of the pore loop is a recurring theme
in iGluRs. The loss of polyamine block in GluK2/K5 KAR het-
eromers has also been proposed to be due to the destabilizing
effect of proline residues on the M2 helix of GluK5 subunits
(39).

The position of the polyamine blocker in the ion-permeation
pathway was recently resolved by imaging cryo-EM structures
of the GluA2(Q) AMPAR pore occupied by several known
channel blockers. Specifically, the authors used the orb weaver
spider toxin, argiotoxin 636 (AgTx-636) (141), the spider toxin
analog, 1-naphthyl acetyl spermine (NASPM) (142), and the

adamantane derivative, 1-trimethylammonio-5-(1-adaman-
tane-methyl-ammoniopentane dibromide) (IEM-1460) (143),
each of which block Ca2�-permeable, GluA2(R)-lacking
AMPARs in a use-dependent manner. To promote channel
opening, Twomey et al. (132) tethered the AMPAR to the
TARP, �2, and bathed the samples in the agonist, L-Glu, and the
positive allosteric modulator, CTZ (144). AgTX-636, NASPM,
and IEM-1460 all contain extended polyamine tails and a bulky
hydrophobic headgroup that gets trapped in the narrow con-
striction of the permeation pathway allowing the authors to
identify which pore residues interact with the polyamine tail.

Using this approach, the overall GluA2 AMPAR structure
with the pore blocker in place was revealed to be comparable
with previous structures of the open-channel tetramer (132).
The upper portion of the pore was characterized by an electro-
neutral surface and central cavity that sits atop a narrowing
caused by the glutamines of the Q/R site, which then opens into
the lower electronegative portion of the channel (Fig. 5). The
electronegativity of this area most likely contributes to the cat-
ion selectivity of AMPARs, which occurs primarily through the
backbone carbonyl oxygens of Gln-586, Gly-588, Cys-589, and
Asp-590 (Fig. 5). These backbone residues presumably contrib-
ute to the membrane electric field that gives rise to the steep
voltage dependence of polyamine block through the exit rates
(unblock and permeation) of polyamine blocker from the pore
(31, 38, 39). In keeping with this, Twomey et al. (132) suggest
that the endogenous polyamines, Spm and Spd, block the pore
at this point in the selectivity filter between residues Gln-586
and Asp-590. Because polyamines acting on AMPAR–TARP

Figure 4. Open conformation of the GluA2 AMPAR. A, cryo-EM structure of the GluA2 AMPAR in complex with the auxiliary protein, �2, the agonist, L-Glu, and
the positive allosteric modulator, CTZ, which promote channel opening. B, closer view of the ion-conduction pathway (violet) with pore-lining residues in the
M2 and M3 segments of subunits A and C shown in yellow highlighting the Q/R site (Gln-586) and �4 site (Asp-590). C, pore radius calculated using HOLE
highlighting differences between the open state (pink), closed state (blue), and desensitized state (orange). Adapted from Ref. 132 with permission.
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complexes induce both channel block and appreciable blocker
permeation, it has been speculated that the polyamine molecule
may adopt two conformations in the pore, a linear structure, as
noted here, that would favor permeation and a kinked structure
that would lead to channel block (38). Whether polyamines
entering the pore adopt two distinct structures, as also pro-
posed for channel block of cyclic nucleotide-gated channels
(21) or K� channels (145), awaits future investigation.

AMPA and kainate receptor auxiliary proteins attenuate
polyamine channel block

An important development in the iGluR field has been the
identification of a diverse family of auxiliary proteins that bind
and modulate both AMPARs and KARs (146 –151). TARP,
stargazin (�2), was the first auxiliary protein to be identified
that was shown to be critical for the transport and synaptic
targeting of native AMPARs (152). Additional studies uncov-
ered that stargazin and other TARP isoforms modulate the gat-

ing properties of AMPARs (153) as well as their responsiveness
to allosteric modulators (154) and antagonists (155, 156). Sub-
sequent proteomic analyses then identified the cornichon fam-
ily (157) as well as other auxiliary proteins such as GSG1L and
CKAMP44 (158) that differentially associate with AMPARs in a
developmental- and regional-specific manner (159). At about
the same time, the neuropilin and tolloid-like proteins, NETO1
and NETO2, were also identified and revealed to bind to native
KARs and to modulate their trafficking and gating behavior
(149, 160 –164). A feature common to both TARP, CNIH, and
NETO auxiliary protein families has been their ability to atten-
uate the degree of polyamine block of AMPARs and KARs.

Both TARPs and CNIHs attenuate the polyamine block of
AMPARs by causing a reduction in the onset of block and a
greater relief of block observed at both negative and positive
membrane potentials, respectively (35, 37, 38). NETOs attenu-
ate the polyamine block of KARs in a comparable manner (36,

Figure 5. AMPAR pore occupied by polyamine channel blocker. A, extended structures of the endogenous polyamines, spermine and spermidine. B,
cross-section of the GluA2(Q) AMPAR pore highlighting the electroneutral cavity (white) above the Q/R site and electronegative cavity (red) of the inner pore
where endogenous polyamines, Spm and Spd (yellow for carbon and blue for nitrogen), are proposed to bind. C, more detailed structure of the pore highlight-
ing the residues in M2 that contribute to polyamine binding and the position of the M3 helices in the open state. Adapted from Ref. 144 with permission.
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39) suggesting that the underlying mechanism may be similar
(Fig. 6). Unlike block of the multi-ion pore of K� channels (24,
27, 165, 166), the onset of block of AMPARs and KARs is caused
by a single polyamine molecule entering and occluding the pore
from the cytoplasm (31), whereas relief of block is due to poly-
amine permeation to the extracellular side of the pore (Fig. 6)
(22, 25). At 0 mV, the apparent Spm affinity for unedited
GluA2(Q) AMPARs is reduced by about 3- or 10-fold by asso-
ciation with CNIH3 or stargazin (38), respectively, whereas
block of GluK2 KARs is attenuated by 8 –20-fold through
NETO1 and NETO2 association (36, 39). Because the rate of
polyamine binding to the open AMPAR or KAR pore is unaf-
fected by auxiliary proteins, the attenuation of block is caused
almost entirely by faster exit rates of the blocker from the pore
(Fig. 6) (36, 38, 39). Spm resides less time at its block site, and
consequently, the blocker returns to the cytoplasm or perme-
ates all the way through the pore more readily. In keeping with
this, Brown et al. (38, 39) demonstrated that Spm permeates the
AMPAR and KAR pores to a much greater extent when bound
to auxiliary proteins. For example, the permeability of Spm rel-
ative to Na� was estimated to be 4 –16-fold more permeable in
GluA2 AMPARs associated with TARPs or CNIHs than GluA2
AMPAR alone (38). A similar observation was also noted when
comparing Spm permeability of GluK2 KARs in the presence
and absence of NETOs (39).

The structural mechanism by which AMPAR and KAR aux-
iliary proteins attenuate polyamine block is still unresolved.
However, because their primary effect is to curtail the time the
blocking molecule resides at its binding site (38, 39), it is likely
that TARPs, CNIHs, and NETOs alter the pore architecture. An
attractive possibility is that auxiliary proteins re-shape the elec-
tronegative cavity between the Q/R and �4 sites where Spm
and other endogenous polyamines are proposed to reside (144).
In keeping with this, Perrais et al. (167) have shown that the
high nanomolar block affinity of GluK3 KARs is due to methi-
onine (Met) and serine (Ser) residues in the M2 helix that are
absent from GluK1 and GluK2 KARs, which contain Val and
Ala residues instead (Fig. 7). The loss of nanomolar Spm affinity
by replacement of the Met and Ser residues of GluK3 with Val
and Ala, respectively, of GluK1 and GluK2 would not be
expected to change the electrostatic environment of the pore;
however, it may alter the structural flexibility of the M2 helix. In
support of this, attenuation of polyamine block in GluK2/K5
KAR heteromers has been attributed to a conserved proline
residue also found in the M2 helix, in this case of the GluK5
(and GluK4) subunit (Fig. 7) (39). Molecular dynamic simula-
tions suggest that the two proline residues, which are arranged
on opposing subunits of the GluK2/K5 tetramer (168), increase
structural flexibility in the pore making it less favorable for
polyamine block and more favorable for permeation (Fig. 7)
(39). This is an important point because it reveals that GluK4-
and/or GluK5-containing KAR heteromers attenuate poly-
amine block, not by an electrostatic repulsion mechanism, as is
proposed for GluA2-containing AMPAR heteromers, but
rather through a different mechanism that introduces struc-
tural flexibility in the pore helices. The fact that the near loss of
polyamine block in GluK2/K5 heteromers is not accompanied
by changes in divalent permeability (39) again suggests that the
primary disruption in the ion-permeation pathway is at the
level of the Q/R site and M2 helix rather than in the extended

Figure 6. Auxiliary proteins speed up polyamine exit rates from the pore.
A, conductance voltage plot of the voltage-dependent Spm block of GluK2
KARs. Note that the onset of block occurs at negative membrane potentials,
whereas relief of block occurs at positive membrane potentials. B, plot show-
ing how the rate of Spm binding (kon), unbinding (koff), and permeation
(kperm) to the GluK2 KAR pore changes at different membrane potentials.
Note that although Spm-binding rate is fairly voltage-insensitive, exit rates
from the pore (koff and kperm) are steeply voltage-dependent. The solid black
lines correspond to the sum of all block rates at different membrane poten-
tials. C and D, plots showing how the rate of Spm unbinding (C) and perme-
ation (D) is shifted by NETO1 and NET2 auxiliary proteins as well as by hetero-
merization. Adapted from Ref. 39.

Figure 7. Asymmetric pore of heteromeric KAR channels. A, sequence
alignment of the five KAR subunits highlighting the Gly residue of GluK1–3
subunits and the Pro of GluK4 and GluK5 found in the M2 helix. High nano-
molar affinity block of GluK3 is conferred by the Met and Ser residues that are
Val or Ala/Gly residues, respectively, in the other KAR subunits. B, left, NaK
open channel structure (193) was used as a template for GluK2/K5 hetero-
mers introducing the Pro residues on subunits A and C. B, right, side view of
the A/C (cyan) and B/D (orange) subunits of the inverted NaK pore before
(gray) and after (colored) 257-ns simulations reveal that the Pro residues intro-
duce asymmetry into the pore. Adapted from Ref. 39.
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M3 helix where the conserved Asn residue contributes to Ca2�

permeability (127). In keeping with this, TARPs acting on
GluA4 AMPARs (37) and NETOs acting on GluK2 KARs (36)
attenuate polyamine block without having any effect on diva-
lent permeability.

The situation, however, is likely to be more complicated for
several reasons. First, an Arg scan of the M3 helix atop of the
Q/R site in GluK2 KARs identified residues that attenuate poly-
amine block (169) suggesting that alterations in this electroneu-
tral cavity by auxiliary proteins may also affect the degree of
channel block. A potential caveat, however, is that Arg replace-
ment in the extracellular vestibule may create a local electro-
static environment that alters permeant ion flux in the pore,
which will indirectly attenuate polyamine block (see Fig. 4D of
Ref. 31), a possibility that may be in keeping with the enhanced
anion permeability reported for the Arg mutants (169). Second,
both CNIHs and TARPs attenuate polyamine block of GluA1
AMPARs while increasing divalent permeability (35) suggest-
ing that auxiliary proteins may have a broader structural impact
on both the inner electronegative cavity of the pore and the
outer extracellular vestibule formed by the M3-S2 linker. The
fact that the �2 TARP enhances Ca2� permeability of GluA1
(35) but not GluA4 (37) homomers is not understood, but it
may suggest that the ability of TARPs to enhance divalent
transport through the pore is AMPAR subunit-dependent.
GSG1L also affects both ion permeation and channel block
(133, 170). In this case, however, GSG1L acts to diminish
AMPAR divalent permeability and to enhance polyamine block
(albeit at membrane potentials ��50 mV) (170), which,
although contrary to the effect of TARPs and CNIHs, is in keep-
ing with auxiliary subunits having a broader impact on the
structural integrity of the ion-permeation pathway. Third, and
finally, two separate studies have identified that the cytoplasmic
tails of NETOs and TARPs can attenuate polyamine block of
KARs (36) and AMPARs (171), respectively. Fisher and Mott
(36) observed that neutralization of three positively charged
residues, namely Arg–Arg–Lys, which lie close to the trans-
membrane region of NETOs, eliminated the attenuation of
polyamine block of KARs. Given this, the authors speculated
that the C-tail of NETOs may act by a charge-screening mech-
anism to prevent polyamines entering the pore. A charge-
screening mechanism, however, is unlikely because auxiliary
subunits do not affect the rate of polyamine binding and there-
fore do not hinder their ability to access the pore (38, 39). Neu-
tralization of the homologous residues in �2 TARP, namely
Arg–His–Lys, had no effect on polyamine block of AMPARs
(171) suggesting that auxiliary proteins probably impact poly-
amine block differently between AMPARs and KARs and that
other mechanisms are likely to be at play.

Linking neurodevelopmental disorders and cancer to
polyamines and their transport

One of the most unexpected effects of auxiliary proteins is
their ability to enhance the transport of polyamines across the
plasma membrane (38, 39). This is particularly evident at
AMPARs where the permeability of Spm relative to Na� at
GluA2(Q) AMPARs (PSpm/PNa � 0.3) increased about 4- and
10-fold when GluA2 was co-assembled with �2 TARP (PSpm/

PNa � 1) and CNIH-3 (PSpm/PNa � 4), respectively (38). Given
that other endogenous polyamines, such as Spd and Put, have
fewer amine groups, they would be expected to be transported
at a greater rate than Spm, as has already been shown at KARs
(22, 39). Although it is not immediately clear how enhanced
polyamine transport might be important to the mammalian
CNS, it is worth noting that the developing brain is thought to
express a greater abundance of GluA2-lacking AMPARs (172,
173), where polyamine transport may play a role. Outside the
brain, polyamines are recognized for fulfilling many roles in
cells, such as regulating protein and nucleic acid synthesis and
structure, cell proliferation, differentiation, and apoptosis (174,
175). Consequently, it is likely that polyamines contribute to
similar roles in the developing CNS. Interestingly, disrupted
polyamine levels, due to the inactivation of the Spm synthase
gene, give rise to the X-linked neurodevelopmental disorder
called Snyder-Robinson syndrome that is associated with men-
tal retardation (176). Although the potential role of polyamine-
sensitive K� channels and AMPARs has been speculated upon
(176), it is still not clear how deficits in cellular polyamines
account for the CNS defects.

Polyamines and their transport by AMPARs may be more
compellingly linked to their proposed roles in cancer (177). Cell
growth and cancer have long been associated with elevated lev-
els of polyamines (178) and with more recent studies establish-
ing a connection to AMPAR activity. For example, pancreatic
(179, 180) and kidney (181, 182) cancers have each been asso-
ciated with the activation of AMPARs with tumor growth in
breast and lung carcinoma, colon adenocarcinoma, and neuro-
blastoma cells shown to be diminished by AMPAR antagonists
(183, 184). The elevated levels of extracellular polyamine levels
reported in many cancers coupled with the prolonged activa-
tion of AMPARs (185) would provide the appropriate environ-
ment to permit the slow but steady transport of polyamines into
cells. Although the mechanisms regulating polyamine biosyn-
thesis and catabolism are well-understood (186, 187), the
molecular events that lead to polyamine transport in mamma-
lian cells are less clear (188). Consequently, whether the
AMPAR in complex with auxiliary proteins, such as CNIHs,
could contribute to this function would be an important ques-
tion to consider in future studies.

Conclusion

Much has been learned about polyamine channel block of
iGluRs since it was first identified over 2 decades ago. The dis-
covery of auxiliary proteins and their regulation of iGluRs as
well as breakthroughs in structural biology open new opportu-
nities for the development of clinically-relevant compounds
that might exploit these novel protein–protein interactions.
Recent advances in gene-editing techniques, such as CRISPR,
also make it possible to pinpoint how distinct families of auxil-
iary proteins shape iGluR signaling within neuronal circuits and
how they may give rise to the aberrant activity that underlines
neurological disease. Consequently, there is still much to be
uncovered about how polyamine channel block contributes to
membrane excitability and its potential role in disease.
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